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Abstract 
 
 
Phytophthora cinnamomi is an introduced soilborne phytopathogen to Western 
Australia (WA) and impacts on 2000 of the approximately 9000 plant species 
indigenous in the southwest of WA. Amongst these is Eucalyptus marginata (jarrah), 
the dominant and economically important hardwood timber species of the jarrah forest. 
This thesis aimed to investigate the morphological, pathogenic and genotypic variation 
in two local WA populations of P. cinnamomi isolates. The populations were selected 
from areas where jarrah clonal lines selected for resistance to P. cinnamomi may be 
used in the rehabilitation of infested jarrah forest and rehabilitated bauxite minesites in 
the southwest of WA. Resistance against a range of isolates using different inoculation 
methods.  
Seventy-three isolates of P. cinnamomi were collected from diseased jarrah and 
Corymbia calophylla (marri) trees from two populations located 70 km apart and these 
were examined for phenotypic and genotypic variation. Microsatellite DNA analysis 
showed that all isolates were of the same clonal lineage. In P. cinnamomi for the first 
time I show that there is a broad and continuous variation in the morphology and 
pathology between two populations of one clonal lineage, and that all phenotypes varied 
independently from one another. No relationship was found between morphological and 
pathogenic characters. The ability of isolates in both populations to cause deaths ranged 
from killing all plants within 59  days to plants being symptomless 182  days after 
inoculation. 
Single and multiple paragynous antheridia formed along with amphigynous ones 
in mating studies with all WA isolates and a sample of worldwide isolates. 
Developmental studies and cytological examination showed fertilisation tubes 
developed asynchronously or synchronously from both antheridial types and indicated 
  iii 
that either antheridial type contributed a nucleus for fertilisation of the oosphere. This is 
the first report of paragynous antheridial associations in P. cinnamomi. Antheridial 
variation is a characteristic that needs to be adjusted in the taxonomic Phytophthora 
identification keys.  
In underbark and zoospore stem inoculations of three 1.5-year-old jarrah clonal 
lines (two ranked as resistant (RR) and one as susceptible (SS) to P. cinnamomi in the 
original selection trials) at 15, 20, 25 and 30°C, it was found that the method of 
inoculation did not produce comparable results, particularly at 25 and 30°C. At these 
temperatures, all three clonal lines had 100% mortality when inoculated underbark, but 
when inoculated with zoospores, one RR line had 60% survival and the SS and 
remaining RR line had 100% mortality. Generally, the level of resistance of all clonal 
lines declined with increasing temperature. Lesion development was measured at 20, 25 
and 30°C for 4  days in detached branches of an RR and SS clonal line inoculated 
underbark with four different P. cinnamomi isolates. Detached branches were found to 
be a potential screen for jarrah resistance to P. cinnamomi and to allow the 
identification of susceptible and resistant clonal lines at 30°C. 
Lesion and colonisation development of P. cinnamomi isolates were assessed in 
situ (late autumn) of seed-grown and clonal lines of 3.5 to 4.5 year-old jarrah trees 
growing in a rehabilitated minesite jarrah forest in underbark inoculation of lateral 
branches (1995) or simultaneously in lateral branches and lateral roots (1996). Trees 
were underbark inoculated in lateral branches and lateral roots. Colonisation was more 
consistent as a measure of resistance than lesion length over the two trials because it 
accounted for the recovery of P. cinnamomi from macroscopically symptomless tissue 
beyond lesions, which on some occasions, was up to 6 cm. In the two trials, one RR 
clonal line consistently had small lesion and colonisation lengths in branches and roots. 
In contrast, the remaining two RR clonal lines had similar lesion and colonisation 
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lengths to the SS clonal line and may, therefore, not be suitable for use in the 
rehabilitation of P. cinnamomi infested areas. The relative rankings of the jarrah clonal 
lines by colonisation lengths were similar between branch and root inoculations. Branch 
inoculations are a valid option for testing resistance and susceptibility of young jarrah 
trees to P. cinnamomi.  
The pathogen was recovered on Phytophthora selective agar 3–6 months after 
inoculation from 50% of samples with lesions and 30% of symptomless samples in a 
series of growth cabinet, glasshouse and field experiments. However, up to 11% of 
samples with and without lesions and from which P. cinnamomi was not initially 
isolated contained viable pathogen after leaching the plant material in water over 9 days. 
This indicates that the pathogen could be present as dormant structures, such as 
chlamydospores, where dormancy needs to be broken for germination to occur, or 
fungistatic compounds in the tissue need to be removed to allow the pathogen to grow, 
or both. These results have important implications for disease diagnosis and 
management, disease-free certification and quarantine clearance. 
No clonal line of jarrah was found to be 100% resistant using different inoculation 
methods, environmental conditions and when challenged by individuals from a large 
range of P. cinnamomi  isolates. Even the most promising RR line had individual 
replicates that were unable to contain lesions or died with time. This suggests that 
further screening work may be required using more isolates varying in their capacity to 
cause disease and a broader range of environmental conditions. Jarrah clonal lines that 
survive such rigorous screening could then be expected to survive planting out in a 
range of environments in the jarrah forest and rehabilitated bauxite minesites. 
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Authorities for species 
 
 
The authorities of scientific names of pathogens and their plant hosts will not be 
presented in this thesis. The thesis adopts the policy of Mycological Research 
(Hawksworth, 2000: 124), whereby only taxonomic studies where species have been 
verified give authorities. 
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CHAPTER 1 
General introduction 
 
 
Some 92% of fungi are saprophytic, while some 8000 are able to cause disease (Schäfer, 
1994). The Oomycota were considered as lower fungi and have now been classified in 
the kingdom Chromista, which includes the brown algae and diatoms (Agrios, 1997). 
Oomycetes contain many plant pathogens including Bremia (downy mildew of lettuce), 
Plasmopara (downy mildew of grapes), Phytophthora (root rots and late blight), and 
Pythium (damping-off of seedlings, seed decay and root rots).  
The genus Phytophthora consists of more than 80 different species that have been 
identified, and most are phytopathogens (Pan et al., 1994). Historically Phytophthora 
has had a big impact on natural ecosystems and economies worldwide. Their notorious 
nature as pathogens probably lies on their capacity to cause diseases in a broad range of 
hosts covering crop plants, ornamentals, and woody trees of horticultural and forestry 
value. Additionally, Phytophthora species are responsible for many pre- and post-
harvest problems of vegetables and fruits such as late blight of potatoes, brown rot of 
citrus and black pod of cocoa (Cohen & Coffey, 1986). 
 
1.1 Phytophthora cinnamomi and its impact on the natural ecosystem 
The P. infestans story is possibly the most common example used in plant pathology as 
a result of the potato famines caused in Northern Europe and in doing so, resulted in one 
of plant pathologies largest collaborative research efforts. Phytophthora infestans’ 
relative, P. cinnamomi, also affects commercially viable crops, but unlike P. infestans, it 
threatens entire natural ecosystems (Erwin & Ribeiro, 1996). Whilst much effort has 
poured into crop phytopathology, the long-term survival of natural ecosystems has been 
regarded as lower priority until recently.  
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No other soilborne pathogen has had such a large impact worldwide and over such 
a large range of plant hosts as P. cinnamomi (Zentmyer, 1980). In Australia, it has 
caused extensive destruction in many natural ecosystems to which it has been 
introduced after European settlement (Weste, 1994). Possibly the largest impact of 
P. cinnamomi has been Eucalyptus marginata (jarrah) forest of the southwest of 
Western Australia (WA) (Shearer & Tippett, 1989). An estimated 2000 of the 9000 
plant species indigenous to the southwest of WA are susceptible to the pathogen (Wills, 
1993; Shearer & Dillon, 1995). Most noticeable are the large numbers of the dominant 
and economically important hardwood-timber species, jarrah, in approximately 
3.3  million ha of forest (Dell & Havel, 1989), which have been impacted in sites 
favourable to disease. Not only does P. cinnamomi pose a threat to the flora 
biodiversity, but also to many fauna species that are dependent on these ecosystems 
(Wills, 1993; Wilson et al. 1994). 
Ironically, in 1922 when Rands (1922) first described P. cinnamomi in Sumatra, 
unexplained deaths of jarrah and some understorey species were noticed near 
Karragullen, 35 km southeast of Perth (Shearer & Tippett, 1989). However, it was not 
until 1965 that these deaths were associated with P. cinnamomi (Podger et al., 1965). It 
is not uncommon for more than one Phytophthora species to be associated with disease 
of woody trees. For instance, in the recent outbreaks of ink disease of Castanea sativa 
in Italy, three Phytophthora species, including P. cambivora,  P. citricola and 
P. cactorum, were isolated from symptomatic trees and nearby soil (Vettraino et al., 
2001). Likewise, for jarrah dieback, or more appropriately, Phytophthora root and collar 
rot (Colquhoun & Hardy, 2000), other Phytophthora species may contribute to disease. 
In minepits, both P. citricola and P. cinnamomi have been isolated from one jarrah 
(G. E. St J. Hardy, pers. comm.). 
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forest (Shearer & Tippett, 1989), other species of Phytophthora, such as P. citricola, 
P. cryptogea, P. megasperma complex (may or may not be P. megasperma; Bellgard 
et al., 2001; Hansen, 2001), and P. nicotianae, have also been recovered from jarrah or 
soil (Shearer et al., 1987 a, 1988). These additional species generally cause problems in 
nurseries or disturbed forest sites, such as rehabilitated minesites (Irwin et al., 1995; 
Bunny, 1996). Recently, P. boehmeriae has been isolated from soil in the jarrah forest 
(D’Souza et al., 1997). This species has been associated with the deaths of Pinus patula 
in Queensland and E. pilularis seedlings in New South Wales (Erwin & Ribeiro, 1996).  
Much of the jarrah forest infested with P. cinnamomi contains bauxite ore bodies, 
some of which are mined by Alcoa World Alumina Australia. This poses great 
challenges for management of Phytophthora disease in affected mining areas 
(Colquhoun, 2000; Colquhoun & Hardy, 2000). Two of Alcoa’s main environmental 
goals are to reduce P. cinnamomi spread and impact, and to re-vegetate minepits with a 
botanical biodiversity similar to the adjacent jarrah forest. To meet these objectives, a 
research programme between Alcoa, Department of Conservation and Murdoch 
University has focussed among other things, on selection and propagation of jarrah 
plants with higher resistance to P. cinnamomi. While jarrah is only one of many species 
impacted, it means that the dominant overstorey may be restored and contribute to 
increased natural flora and fauna diversity in re-vegetated minesites, and possibly 
infested forest sites (McComb et al., 1994).  
Several reviews have already covered the general biology and pathology of 
P. cinnamomi  in  forests  (Zentmyer, 1980; Weste & Marks, 1987; Hardham, 1992; 
Weste, 1994) and more recently, in rehabilitated bauxite minesites (Colquhoun & 
Hardy, 2000; Hardy, 2000). Therefore, this will not be discussed in detail here. In WA, 
the A1 mating type has been rarely found and in some instances where it has been 
found, there was no evidence of sexual interaction (Old et al., 1984  a, 1988; Dobrowolski, 1999; Dobrowolski et al., 2001 a). Thus, oospores are not considered to 
form an important part of the life-cycle in the WA jarrah forest (Figure 1.1). 
 
 
 
Figure 1.1 Life-cycle of Phytophthora cinnamomi in the Eucalyptus marginata (jarrah) 
forest of Western Australia. (Colquhoun & Hardy, 2000; illustrated and designed by D. 
Hüberli) 
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For sometime it was thought that the short lateral and perennial roots that are 
infected are the cause of decline and death of E. marginata (Marks & Smith, 1980; Shea 
& Dell, 1981). However, after the recovery of P. cinnamomi from large roots it was 
believed this is the major infection route in the forest (Tippett et al., 1983). More 
recently, there has also been some evidence suggesting that the pathogen is able to 
penetrate the collar and lower stem (Smith & Marks, 1982), particularly in flooded 
rehabilitated minesites and areas of forest with impeded drainage (Harris et al., 1985; 
Hardy et al., 1996; O’Gara et al., 1996, 1997).  
 This short review will focus on some of the main factors that affect the selection 
of jarrah that are resistant to P. cinnamomi. 
 
1.2 Factors that affect selection of resistant Eucalyptus marginata 
The ultimate goal of any breeding and selection program for resistant plants to a 
pathogen is to develop robust resistance. In this thesis, robust resistance means that the 
host has been rigorously screened against a range of isolates and under different 
environmental factors, and in these screens it has been found to be consistently resistant. 
The three main factors that could affect the outcome of a resistance-screening program 
are changes in susceptibility of the plant host, changes in a pathogen’s capacity to cause 
disease and changes in environmental conditions. These three are the interactions over 
time that make up part of the disease triangle. To develop robust resistance in jarrah is a 
large challenge because trees are affected by many environmental conditions during 
their long life cycle of 500–1000 years (Abbott et al. 1989).  
 
1.2.1 Plant host: Development of Eucalyptus marginata clonal lines 
Within the genus Eucalyptus, susceptibility to P. cinnamomi varies largely. Generally 
members of the subgenus Monocalyptus are susceptible, whereas members of other Chapter 1: General introduction 
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subgenus Symphyomyrtus  and the new genus Corymbia (Brooker, 2000) are more 
resistant (Byrt & Holland, 1978; Tippett et al., 1985). The co-dominant tree species in 
the jarrah forest, Corymbia calophylla formerly E.  calophylla (marri), survives on 
infected sites (Podger, 1972). However, under some conditions such as rehabilitated 
mine sites, marri can show symptoms and be killed due to susceptibility of young 
lignotubers (Hardy et al., 1996; Colquhoun & Hardy, 2000). In contrast,  jarrah is 
susceptible, but there are reports of intraspecific variability in susceptibility to 
inoculation both in the field and in vitro (Rockel, 1977; Grant & Byrt, 1984; Bennett 
et al., 1993; Stukely & Crane, 1994). 
While jarrah is one of the most susceptible of the Eucalyptus species, some 
individual trees of jarrah have survived on infested sites. These have been used as 
parents for progeny, which were screened for resistance against one isolate of 
P. cinnamomi by underbark inoculation in a glasshouse (McComb et al., 1990; Stukely 
& Crane, 1994). Individual seedlings of families that developed small lesions were 
designated resistant (RR; resistant lines from resistant families), while those with large 
lesions were designated susceptible (SS; susceptible lines from susceptible families). 
Summer inoculations of 14-month-old seedlings in a glasshouse were found to produce 
the best discrimination among the families (Stukely & Crane, 1994). The families’ 
rankings of resistance to P. cinnamomi were validated by inoculations of soil in the 
glasshouse and field with colonised wood plugs from Pinus radiata stems (Bennett 
et al., 1993; McComb et al., 1990, 1994; Stukely & Crane, 1994). Individual RR and SS 
seedlings were then micropropagated to produce clonal lines (McComb et al., 1990). 
Resistant clonal lines have been used in the rehabilitation of infested minesites and 
other jarrah forest sites (McComb et al., 1994) and for the production of seed orchards 
(Colquhoun & Hardy, 2000). 
The mechanisms of resistance in the jarrah clonal lines, whether structural or Chapter 1: General introduction 
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biochemical, have been investigated. Cahill et al. (1993) showed that in new white roots 
of 10-month-old seedlings the levels of lignin and phenolic concentrations were 
increased in RR clonal lines after inoculation with P. cinnamomi compared to 
unselected seedlings and SS lines. They also showed that within 48 hours of inoculation 
lignin and phenolic concentrations were amplified in the field resistant marri, while 
these changes were not evident in non-clonal jarrah seedlings (Cahill & McComb, 
1992). Furthermore, the role of lignin in the resistance of marri to P. cinnamomi was 
demonstrated by the addition of an inhibitor, which made marri susceptible. 
Colonisation of P. cinnamomi was restricted in a RR jarrah line and marri, but it was not 
restricted in the non-clonal susceptible jarrah seedlings (Cahill et al., 1992). While the 
responses of the clonal lines in all these studies correlate to their survival in the forest 
(Stukely & Crane, 1994), it should be noted that only one A2 isolate of P. cinnamomi 
was used in the inoculation studies of young root tissue.  
Structural changes such as callose deposits and periderm formation have been 
observed in roots of non-clonal jarrah in forest sites in response to P. cinnamomi 
infection (Tippett & Hill, 1984; Cahill & Weste, 1983). For clonal jarrah, it has been 
shown that in glasshouse underbark inoculations using one isolate of P. cinnamomi, a 
resistant line (RR1) formed periderms, while a susceptible line (SS2) did not form 
periderms (R. Pilbeam, unpublished data). This has not been investigated for other 
clonal lines or other P. cinnamomi isolates. 
In the jarrah selection and breeding program terminology relating to resistance has 
developed. Hence, in this thesis, a RR or SS line refers to the status of that line in a 
glasshouse trial using one isolate of P. cinnamomi (Stukely & Crane, 1994). However, it 
does not exclude the possibility that in RR lines lesions are formed or that some 
individuals may die in field trials (McComb et al., 1994; Hüberli, 1995). In this thesis, 
the terms resistant and susceptible when applied to the RR and SS clonal lines refer to Chapter 1: General introduction 
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the disease severity measured in inoculations using WA isolates in comparison to other 
lines assessed in the thesis. 
Apart from pot and field trials, a number of other methods have been used to 
screen for resistance in plant species to P. cinnamomi. One technique that has been 
investigated is the inoculation of callus cultures of Australian native species (McComb 
et al., 1987) and avocado (Phillips et al., 1991) as a rapid in vitro resistance assay. It 
was found that the amount of callus that was formed in cultured cells in response to 
P. cinnamomi infection correlated with the degree of resistance in intact plants. Some 
workers have shown that inoculation of excised stems of avocado (Gabor & Coffey, 
1991) and Banksia species (Dixon et al., 1984; McCredie et al., 1985) was useful for 
screening resistance to Phytophthora root rot. These researchers generally found that 
most species examined produced similar resistant reactions to those observed in intact 
stems or roots. 
A number of studies have shown that stem and root lesions are well correlated in 
Banksia species (Dixon et al, 1984), Eucalyptus species (Dudzinski et al., 1993; 
Davison et al., 1994) and Quercus rubra and Q. palustris (Robin & Desprez-Loustau, 
1998). Moreover, assessment of isolates in stem inoculation studies in Q. rubra were in 
agreement with potting mix inoculation studies in the latter study. Stem inoculations are 
frequently used as they provide a convenient and consistent means of evaluating isolates 
and they are relatively easier and quicker than root or soil inoculations. 
 
1.2.2 The pathogen: Phytophthora cinnamomi 
Selection of plant resistance is dependent on the pathogenicity of the pathogen. 
Unfortunately, for the jarrah selection program, the variation in the capacity of 
P. cinnamomi isolates to cause disease from jarrah forest communities where clonal 
lines are likely to be used in rehabilitation of impacted sites was not assessed prior to Chapter 1: General introduction 
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selection. The initial selection screen of seedlings was based on one isolate. At that 
time, it was assumed that all WA isolates were identical in their capacity to cause 
disease.  
Historically there have been numerous studies that have investigated variability in 
pathogenicity among P. cinnamomi isolates in different plant hosts since its first 
identification and description by Rands (1922) (Table 1.1). Zentmyer (1980) outlines 
many of the pre-1980 studies. Most of these, however, used few isolates, often had low 
replication although cumulatively throughout the world there were many isolates from a 
wide range of geographic locations and plant hosts (Table 1.1). Only two of all these 
studies have examined pathogenic variation using a large number of isolates of 
P. cinnamomi of defined isozyme genotypes (Dudzinski et al., 1993; Linde et al., 1999). 
Both showed there was large variation in pathogenicity among regional isolates. As yet, 
there have been no studies investigating variation in localised populations of 
P. cinnamomi.  
Variability of pathogenicity has been widely investigated for crop pathogens such 
as  Bremia lactucae, which also belongs to the oomycetes. In the UK, surveys of 
pathogenicity to five resistance genes in lettuce identified over half the theoretically 
possible pathogenicity phenotypes (Michelmore et al., 1988). While in Australia and 
California there were few pathogenic phenotypes. One of the problems in defining 
levels of pathogenicity of P. cinnamomi isolates in Eucalyptus species is not having 
genetically defined plant host material as is available for crop plants used in assessing 
such pathogens as B. lactucae (I. C. Tommerup, pers. comm.). Therefore, there is little 
convincing information about variability in pathogenicity of P. cinnamomi isolates.  Table 1.1 Studies investigating variation in the capacity to cause disease of Phytophthora cinnamomi isolates when inoculated in different plant hosts. 
 
Inoculation  P. cinnamomi isolate  Plants inoculated   
Reference  Trial
a Method
b Duration Rep. Assessment  Source
c
Isozyme/ 
mating type
d No. Species  Age  Source  Conclusion/major finding 
Rands (1922)  Field  UB stem, rice-
grain 
2 weeks  10  Cankers 
measured 
Sumatra, cinnamon trees 
100 km apart 
— 2  Cinnamomum burmanni 
trees 
6 year  —  One isolate caused 36% larger 
cankers 
Mehrlich (1936)  Lab.  UB stem, malt 
agar 
5 days  —  Heart rot  World; range of hosts  —  8  Pineapple  Mature 
crowns 
—  Five isolates were able to cause 
heart rot, while 3 were not. 
Crandell et al. (1945)  GH  —
e —  4-15  Root rot score 7 USA states; 16 hosts  —  20  Juglans nigra (walnut), 
Castanea sativa (chestnut)
2-5 year  —  Walnut were susceptible to walnut 
isolates, but not to chestnut 
isolates 
Darely & Flores 
(1951) 
Field Observations 
on naturally 
infected trees 
8 months  —  Cankers 
measured 
USA, Guatemala  —  —  Cinchona pubescens, 
C. officinalis or hybrids of 
these 2. 
—  Clones  Variation in length of cankers may 
indicate strains of P. cinnamomi 
Galindo & Zentmyer 
(1964) 
—  Stem and roots  —  —  Lesions 
measured 
Range of geographic 
locations and hosts 
15 A2,  
1 A1 
16 Avocado  trees  and 
seedlings 
—  —  A1 isolate was weakly pathogenic 
in stems and roots under 
conditions where disease was 
severe with A2 isolates 
Chee & Newhook 
(1965) 
GH SI,  mycelial 
suspension 
— 3  %  diseased 
rootlets 
World, most from 
New Zealand; range of 
hosts 
—  17  7 species of conifers  1 year  —  Low variation; only extreme 
isolates were significant different 
Manning & Crossan 
(1966a) 
GH SI,  mycelial 
suspension 
45 days  6  Root rot score World, most from USA;  
range of hosts 
4 A2, 
3 A1, 
rest unknown 
13 6  Taxus cultivars  —  Cultivars  Isolate pathogenic variation to 
cultivars 
Manning & Crossan 
(1966b) 
GH SI,  mycelial 
suspension 
90 days  4  Root rot score 6 USA states, 1 England; 
6 hosts 
2 A2, 
1 A1, 
rest unknown 
7  16 broadleaf and 
coniferous species 
1 year  —  Isolate pathogenic variation within 
and between hosts 
Podger (1972)  GH  SI, PDA  150 days  7-19  Mortality  Western Australia; range 
of hosts 
A2 49  Eucalyptus marginata 
(jarrah) 
12 weeks  Seed  All but one isolate caused seedling 
deaths 
Hoitink & 
Schmitthenner (1974) 
GH mycelial 
suspension on 
feeder roots 
4 months  3-10  Root rot score USA states; ericaceous 
and non-ericaceous 
plants 
— 6  Rhododendron English 
Roseum and Purple 
Splendour 
1 year  Cultivars  Non-ericaceous isolates were 
significantly less virulent in Purple 
Splendour, while ericaceous 
isolates were equally virulent in 
both hosts 
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Inoculation  P. cinnamomi isolate  Plants inoculated   
Reference  Trial
a Method
b Duration Rep. Assessment  Source
c
Isozyme/ 
mating type
d No. Species  Age  Source  Conclusion/major finding 
Milholland (1975)  GH  SI, V8A discs 90  days  5  Severity  of 
disease on 
stems, leaves 
and roots 
USA, from blueberry, 
azalea and cedar 
—  4  Blueberry Highbush and 
Rabbiteye 
—  Cultivars  Isolates from blueberry, azalea and 
cedar differed in pathogenicity in 
both hosts 
Weste (1975)  GH  SI, mycelial 
suspension 
4 months  10  Mortality, 
symptoms and 
plant height 
Queensland, Australia; 
different hosts 
A2, A1  2  Nothofagus cunninghamii  2 year  Transplants 
from native 
forest 
A1 isolate was more pathogenic 
than the A2 isolate, which killed 
more plants and resulted in more 
severe symptoms 
Zentmyer & 
Guillemet (1981) 
GH Natural 
infested soil 
and SI, 
mycelial 
suspension 
— 10  %  healthy 
roots and 
plant height 
USA, California; 
camellia and avocado 
A2, A1  2  Camellia and avocado  Seedlings —  Avocado isolate was pathogenic to 
avocado, but not to camellia, while 
the camellia isolate was 
pathogenic to both hosts 
Shearer et al. (1988)  Field  UB stem, agar 
disc 
6 weeks  5  Longitudinal 
and tangential 
lesion lengths 
Western Australia; 
different hosts 
A2 5  Banksia grandis and jarrah Trees  Native 
forest 
Little variation in jarrah between 
isolates, while there was large 
variation in Banksia 
Podger (1989)  GH  SI, infected 
Banksia twigs 
7 months  28 
cores 
Survival and 
re-isolation 
Australian states Qld, 
WA, NSW and Tas; 
range of hosts and  
climatic regions 
4 A1.1, 
7 A2.1, 
3 A2.2 
14  21 native species; each 
core contained Sprengelia 
incarnata and at least 2 of 
other 5 susceptible species 
3 year  Peat cores 
from Tas 
heathland 
One isolate had lower 
pathogenicity, while the remaining 
were pathogenic in susceptible 
species and this was unrelated to 
isozyme type, climate at source 
and host plant 
Dudzinski et al. 
(1993) 
CEC SI,  infected 
Banksia twigs 
49 days  6  Mortality, 
plant growth 
and root 
damage 
Australian states Tas, 
Qld, NSW, WA, ACT, 
Vic and NT; range of 
hosts 
11 A1.1,  
18 A2.1,  
11 A2.2 
40
f Jarrah Mar114  100-
220 mm 
seedlings 
Clone  Significant variation between 
isolates that was unrelated to 
mating or isozyme type 
  GH  UB stem, agar 
disc 
14 days  7  Lesion 
extension 
Subset of above  1 A1.1,  
2 A2.1,  
2 A2.2  
5  E. regnans, E. obliqua, 
E. sieberi, E. globoidea, 
E. muellerana 
Seedlings 
(70 cm 
tall) 
Non-clonal Significant  isolate x eucalypt spp. 
interaction was found. Two 
isolates were less pathogenic as 
also identified in SI above. 
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Inoculation  P. cinnamomi isolate  Plants inoculated   
Reference  Trial
a Method
b Duration Rep. Assessment  Source
c
Isozyme/ 
mating type
d No. Species  Age  Source  Conclusion/major finding 
Robin & Desprez-
Loustau (1998) 
CEC  Various tests:  
SI, UB and 
non-wounded 
inoculation of 
seedlings, 
taproots, stems 
and bark strips 
5 days - 
16 weeks 
2-15  Lesion length  World, most from 
France; range of hosts, 
most from Quercus spp. 
5 A1, 
43 A2 
48  Quercus spp., C. sativa, 
Pinus pinaster and 
E. gunnii 
Seedlings
- 2 year 
Non-clonal Large  variation among isolates 
unrelated to host isolated or 
mating type; good agreement 
between inoculation tests 
Robin et al. (1998)  CEC  Agar disc on 
taproot 
10 days  3  Lesion length  France; Quercus spp., 
Erica spp. and soil  
A2 22  Q. suber and Q. ilex  Seedlings Non-clonal  Significant difference in lesion 
lengths between isolates in both 
hosts 
Linde et al. (1999)  Field  UB stem, 
mycelial disc 
8 weeks  20  Lesion length  South Africa, 2 regions; 
range of crop and native 
spp. hosts 
39 A2, 
20 A1 
59  E. smithii  3 year 
trees 
Non-clonal  Significant variation in levels of 
pathogenicity to host; unrelated to 
host, geographic origin or mating 
type, while some difference 
among isozyme genotypes 
Brasier & Kirk 
(2001) 
Lab. UB  detached 
stems, agar 
disc 
42-55 
days 
8-10 Lesion  length 
and area 
World, with 2 UK; range 
of hosts 
1 A2.2, 
2 A2.2, rest 
unknown  
2-4/ 
exp. 
Acer pennsylvannicum, 
Alnus glutinosa,  
Castanea sativa, 
Chamaecyparis 
lawsoniana, 
Fagus sylvatica, 
Q. robur, 
Taxus baccata  
Trees  Non-clonal  Weakly to non-pathogenic on 
Alnus glutinosa with no variation 
among isolates. Large variation in 
behaviour of the different isolates 
to the remaining tree species 
tested. 
a Trial: GH, glasshouse; CEC, controlled environment cabinets.
  
b Inoculation methods: UB, underbark; SI, soil infestation. 
c Australian states: ACT, Australian Capital Territory; NSW, New South Wales; NT, Northern Territory; Qld, Queensland; Tas, Tasmania; Vic, Victoria; WA, Western Australia.
 
d isozyme genotypes: A1.1, A1 type 1; A1.2, A1 type 2; A1.3, A1 type 3; A2.1, A2 type 1;A2.2, A2 type 2.
 
e Not given in paper. 
f Only 40 Australian P. cinnamomi isolates used; A17 (correct culture no. A117) was from the USA and A128 was another Phytophthora species (M. J. Dudzinski, pers. comm.).  
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The availability of clonal Eucalyptus species recently has enabled variability in 
isolates of P. cinnamomi to be examined. The recent report of variability in clonal 
Eucalyptus species showed that there were different pathogenic phenotypes among 
P. cinnamomi isolates (Dudzinski et al., 1993). The designation of resistant and 
susceptible  E. marginata clonal lines was confirmed by the highly pathogenic 
P. cinnamomi isolates. 
While there have been many studies investigating variation in macro- (colony 
types and growth rates on agar) and micro-morphological (hyphal, sporangial, 
gametangial and chlamydospore morphology) characters of P. cinnamomi, only one 
(Linde et al., 1999), to my knowledge, has examined if there is a link between these and 
pathogenicity characters. Variation in characters other than pathogenicity will be 
discussed further in the following chapter.  
 
1.2.3 Environmental factors 
A number of reviews and studies have already outlined in detail the environmental 
factors that affect disease development of P. cinnamomi in general (Zentmyer, 1980; 
Duniway, 1983), and in the jarrah forest (Shea, 1975; Shearer & Tippett, 1989) and 
rehabilitated minesites (Hardy, 2000) of WA. Therefore, it is not my intention to review 
this very diverse area, but to succinctly summarise the main environmental factors that 
are most relevant to rehabilitated minesites and this thesis.  
Phytophthora cinnamomi thrives in Mediterranean climates, such as that 
experienced in the southwest of WA. In autumn and spring, soil moisture and 
temperature are particularly favourable for P. cinnamomi disease (Shea, 1975; Shearer 
& Tippett, 1989). The processes of mining and rehabilitation results in a substantial 
change to the jarrah forest soil, which alters the P. cinnamomi disease interaction 
compared to that observed in the adjacent jarrah forest (Colquhoun & Hardy, 2000; Chapter 1: General introduction 
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Hardy, 2000).  
After heavy rainfall events in rehabilitated bauxite minesites, the riplines that are 
produced to encourage better water drainage and reduce erosion, can become lined with 
fine clay particles that often result in surface water ponding due to poor drainage (Hardy 
et al., 1996; O’Gara et al., 1996). Ponded riplines were often associated with invasion 
of jarrah collars or stems by P. cinnamomi (Hardy et al., 1996) and O’Gara et al. (1996, 
1997) subsequently demonstrated that zoospores are able to penetrate the stem of jarrah 
seedlings. Jarrah forest areas with impeded drainage may also provide an opportunity 
for infection of stems (O’Gara et al., 1996). Burgess et al. (1999 b) demonstrated that in 
simulated waterlogging of roots, stems of jarrah clones were more susceptible to 
P. cinnamomi than those plants that were not exposed to waterlogging. Waterlogged 
plants were found to have a reduced ability to switch on rapid defence responses.  
Ponds were up to 15 cm in depth and lasted up to 5 days with saturated oxygen 
levels (Burgess et al., 1999 a). These conditions are ideal for growth of the pathogen, 
sporangia production and zoospore release and germination (Davison & Tay, 1986). 
Warm conditions of 18–22°C have been shown to be the optimal temperature range for 
zoospore production, but zoospores were still produced at 30°C in axenic culture 
(Halsall & Williams, 1984). That ripelines may favour P. cinnamomi disease has been 
suggested for a Victorian seed orchard of E. regnans (Harris et al., 1985). 
Seedlings are exposed to increased temperature and moisture during the early 
stages of minesite rehabilitation, compared to adjacent forest sites due to the absence of 
canopy protection (Stoneman et al., 1995). Disease severity has been shown to increase 
with increasing temperature within the range of 10–30°C in inoculations of 9-week-old 
jarrah seedlings (Grant & Byrt, 1984) and detached jarrah roots (Shearer et al., 1987 a). 
The optimal temperature for disease is about 25–30°C. Of further concern, is the 
prediction that Australian summers may become warmer and wetter due to global Chapter 1: General introduction 
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warming (Chakraborty et al., 1998). These are ideal conditions for P. cinnamomi to 
cause disease.  
It has been shown for jarrah saplings that increased bark moisture predisposes the 
trees to more rapid pathogen colonisation and lesion development (Tippett & Hill, 1983; 
Tippett  et al., 1989). Similar observations have been observed for other Eucalyptus 
species inoculated with P. cinnamomi (Smith & Marks, 1986). These studies used 
underbark inoculation and hence, avoided issues of dry site not favouring P. cinnamomi 
inoculum development and dissemination of zoospores to roots. Heavy summer rainfall 
events greater than 200 mm in a month have been associated with disease epidemics of 
P. cinnamomi (Marks et al, 1972; Tippett & Hill, 1983). These conditions are 
favourable for the pathogen. Interestingly, water deficits in other plant species 
predisposes them to non-oomycete root and stem rot pathogens (Boyer, 1995), which is 
the exact opposite to what occurs in jarrah for interactions with P. cinnamomi. For 
example, cankers caused by Cytospora chrysosperma were significantly larger in 
drought-stressed aspen trees than non-stressed trees (McIntyre et al., 1996). There are 
other examples of increased disease severity as a result of drought-stress in trees (Appel 
& Stipes, 1984; Madar et al., 1989; Maxwell et al., 1997). 
Other wound inoculation experiments with non-clonal jarrah saplings have shown 
that both ambient temperature and water status of jarrah trees being invaded affect 
lesion development by P. cinnamomi (Shearer et al, 1987 b; Tippett et al., 1987, 1989). 
However, during the wetter months, lower temperatures rather than low bark moisture 
limits pathogen colonisation (Tippett & Hill, 1983).  
In order to screen for clonal jarrah trees with long-term durable resistance, there 
clearly is an urgent need to understand jarrah-pathogen-environment interactions. These 
interactions need to be assessed using a range of different P. cinnamomi isolates varying 
in pathogenicity, different host clonal lines and a range of environmental factors. Chapter 1: General introduction 
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1.3 Thesis aims 
My initial survey of P. cinnamomi isolates from two jarrah forest communities in the 
southwest of WA found that there was considerable variation in morphological and 
pathogenicity characters (Hüberli, 1995). In that study, 72 isolates varied in their ability 
to produce lesions in detached marri and jarrah branches (see Table 2.1) and a selection 
of ten isolates varied from an inability to produce lesions to the capacity to produce 
large lesions in branch inoculations of an RR jarrah clonal line in situ. Jarrah clonal 
lines have been used in the rehabilitation of infested forest and minesites, but it is not 
known if these lines are likely to be resistant to the majority of isolates as only a few 
isolates were used to screen for resistance/susceptibility of these lines by Stukely & 
Crane (1994).  
Thus, the aim of the thesis were to: 
•  investigate the range of morphological, pathogenic and genotypic variability 
(Chapter  2) that is present in two local P. cinnamomi populations where 
clonal lines of jarrah may be used to rehabilitate bauxite pits and other 
impacted forest sites, 
•  determine whether there is a correlation between morphological and 
pathological characters (Chapter 2),  
•  examine aspects of paragynous sexual reproduction (Chapter 3) identified by 
Hüberli (1995) and determine if they are viable interactions,  
•  assess different methods of measuring jarrah resistance (Chapters 4 and 5, 
Appendix  2) to ascertain if current methods are adequate in identifying 
resistance of clonal lines, and  
•  examine the robustness of resistance against a range of isolates using different 
inoculation techniques in the glasshouse and field (Chapters  4–6, Chapter 1: General introduction 
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Appendix 2).  
CHAPTER 2 
Phenotypic variation in a clonal lineage of two 
Phytophthora cinnamomi populations from 
Western Australia 
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  182.1 Chapter abstract 
Seventy-three isolates of Phytophthora cinnamomi were collected from diseased 
Eucalyptus marginata (jarrah) and Corymbia calophylla (marri) trees in two forest 
communities in the southwest of Western Australia. Both populations of P. cinnamomi 
were examined for phenotypic and genotypic variation. Microsatellite DNA analysis 
showed that all isolates were of the same clonal lineage. For the first time for 
P. cinnamomi, a broad and continuous range of morphological and pathogenic variation 
between populations of a clonal lineage was shown. The phenotypes examined included 
growth rates and colony morphology on potato dextrose agar at different temperatures, 
sporangial and gametangial morphology, ability to form lesions in detached jarrah and 
marri branches, and ability to cause deaths of clonal jarrah plants in a glasshouse trial. 
Phenotype variation was derived asexually. All phenotypes investigated varied 
independently from one another. Cluster analysis of 24 morphological and 
pathogenicity phenotypes identified two main clusters of isolates corresponding to each 
population. The ability to cause deaths in both populations ranged from killing all plants 
within 59 days to plants being symptomless 182 days after inoculation. 
 
 
 
 
 
 
 
 
Chapter 2: Phenotypic variation in a clonal lineage of two Phytophthora cinnamomi populations from Western Australia  192.2 Introduction 
Despite the worldwide impact of Phytophthora cinnamomi, our understanding of 
phenotypic and genotypic variation among isolates in populations is poor. To manage 
and control this disease successfully, it is important to know the amount of phenotypic 
variation within a pathogen population. When P. cinnamomi was first described, Rands 
(1922) showed that isolates varied in pathogenicity in stem-inoculated Cinnamomum 
burmanni trees. Since then there have been numerous reports on pathogenicity, macro-
morphological (colony type and growth rate) and micro-morphological (sporangial, 
gametangial and chlamydospores) variation among worldwide (Galindo & Zentmyer, 
1964; Zentmyer et al., 1976; Zentmyer, 1980), national (Haasis et al., 1964; Chee & 
Newhook, 1965; Shepherd & Pratt, 1974; Dudzinski et al., 1993) and regional 
(Shepherd et al., 1974) collections of isolates. Some of the studies with P. cinnamomi 
indicated the existence of host specialisation in pathogenicity (Zentmyer, 1980; 
Zentmyer & Guillemet, 1981) or phenotypic differences among the mating types 
(Galindo & Zentmyer, 1964; Weste, 1975; Zentmyer et al., 1976). However, the studies 
with more isolates generally suggested that the A1 and A2 mating type were similar in 
some macro-morphological (Haasis et al., 1964; Zentmyer et al., 1976), micro-
morphological (Haasis et al., 1964; Gerrettson-Cornell, 1983) and pathogenicity 
(Shepherd et al., 1974) phenotypes. 
Prior to 1984, the phenotypic studies of P. cinnamomi did not use isozyme 
techniques and hence were genetically structured only on the basis of mating types. 
Subsequently, it was shown that the Australian P. cinnamomi population consists of two 
isozyme genotypes for the A2 mating type and one for the A1 mating type, with the 
most common being the A2 isozyme type 1 (Old et al., 1984 a, 1988). These isozyme 
genotypes represent a small component of worldwide variation (Old et al., 1984  a; 
Oudemans & Coffey, 1991) and correspond to three separate clonal lineages as shown 
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variation and the lack of recombination in microsatellite loci indicated that they were 
asexually reproducing (Old et al., 1984 a, 1988; Dobrowolski, 1999). This was also the 
conclusion for South African isolates (Linde et al., 1997), although their isozyme 
system was different to the Australian one.  
Only two phenotypic studies have used P. cinnamomi populations of defined 
isozyme genotypes (Dudzinski et al., 1993; Linde et al., 1999). The Australian study 
showed that isolates of P. cinnamomi vary widely in pathogenicity to Eucalyptus 
marginata (jarrah) and this variation was not related to mating type or isozyme type 
(Dudzinski  et al., 1993). These results contradicted the earlier Australian study by 
Podger (1989) who concluded there was no variation among isolates. Phenotypic 
variation in a large range of morphological and pathogenicity characters has not been 
examined simultaneously in a genetically structured study of P. cinnamomi populations. 
My initial work (Hüberli, 1995) on two southwest Western Australia (WA) 
populations suggested there were some differences in phenotypic variability between 
the two populations. The introduction of P. cinnamomi into these natural plant 
communities probably occurred with the first European settlers from between 70 to 150 
years ago and strict hygiene measures were not implemented until 1980. Hence, there 
was a period of at least 50 years for the inadvertent movement and for phenotypic 
divergence of the pathogen. The current study examines genotypic and phenotypic 
variation, including macro-morphological, micro-morphological and pathogenicity 
characters, among isolates of P. cinnamomi from two WA populations. 
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2.3.1 Isolates 
All 73 isolates of P. cinnamomi were collected from the stems, lignotubers and collars 
of diseased Corymbia calophylla (marri; formerly E. calophylla) and jarrah trees and 
plated directly onto NARPH, an agar selective for Phytophthora (Appendix  1). The 
trees were growing in a mosaic of rehabilitated open-cut bauxite minepits at the 
Jarrahdale (site 1; 32.20 south, 116.04 east) and Willowdale (site 2; 32.55 south, 116.02 
east) mines of Alcoa World Alumina Australia, located approximately 70 km apart 
(Figure 2.1). Thirty-six isolates were collected from site 1, within an 18 km radius, and 
37 isolates were from site 2, within a 5 km radius. Jarrah and marri isolates from site 1 
will be referred to as J1 and M1 isolates, and those from site 2 will be referred to as J2 
and M2. Each of the four groups of isolates will be referred to as a sub-population. Most 
isolates were collected during 1992–97 and one in 1981 (Table 2.1).  
All 73 isolates were used in all experiments, except one, in which 45 isolates were 
used (Table 2.1). Isolates were maintained at 24 ±1°C in the dark on vegetable-8 juice 
agar (V8A) (Appendix 1). Three weeks before pathogenicity experiments commenced, 
all isolates were re-passaged through jarrah seedlings as a precautionary measure 
against loss of pathogenicity through continuous subculturing (Erwin & Ribeiro, 1996). 
Re-passaging involved inoculating seedlings separately with each of the isolates. The 
isolates were recovered from the lesion front after about 1 week by plating onto 
NARPH, cultured on V8A and used within 2 weeks. 
Isolates used in this thesis are stored at 15°C on potato dextrose agar (PDA) 
(Gibco BRL, Life Technologies, Paisley, UK) squares (2 x 2 cm) under water in the 
culture collection of G. E. St J. Hardy, Murdoch University, WA. 
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Figure 2.1  Map of the southwest of Western Australia showing the location of the 
Jarrahdale and Willowdale mines of Alcoa World Alumina Australia from which the 
isolates of Phytophthora cinnamomi were collected. Australian states: NSW  =  New 
South  Wales,  NT = Northern  Territory,  Qld = Queensland,  SA = South  Australia, 
Tas = Tasmania, Vic = Victoria. 
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from two sites in the Eucalyptus marginata (jarrah) forest of Western Australia. 
Microsatellite variants are shown for four loci tested. Isolate rankings from the largest 
(rank 1) to the smallest (rank 73) mean values of growth rate at different temperatures, 
lesion size after 6 days in detached jarrah and Corymbia calophylla (marri) branches, 
and survival of a resistant jarrah clonal line underbark inoculated are shown. 
 
Isolate details    Rank 
  
Lesions in 
detached branches
c  
Isolate No.  Pit No. 
Year 
isolated  
Microsat. 
genotype
a
Growth 
on PDA
b  Jarrah  Marri   
Plant 
survival
d
Jarrah site 1 isolates (J1)            
MP94 H3718  1993    cg  31    33-35
e 16-45   4 
MP62 Y  1992    4  41    2  1   68 
MP97-07 4  1997    cg  46    —
f —   28 
MP98 H3717  1993    6  50    22-23  16-45   37 
MP127 H3722  1993    1  52    14-15  15    34 
MP97-15 6  1997    cg  53    —  —   51 
MP97-09 4  1997    cg  58    —  —   21 
MP97-16 13  1997    cg  60    —  —   29 
MP97-11 6  1997    cg  62    —  —   52 
MP97 H3718  1993    cg  65   36  .6-7   59 
MP96 H3718  1993    cg  67   40  16-45    71-73 
MP97-12 6  1997    cg  68    —  —   1 
MP27 X  1981    cg  69    7  14   64 
MP61 Y  1992    4  70    4  16-45   61 
MP95 H3718  1993    cg  71    33-35  16-45   70 
MP97-08 4  1997    4  72    —  —   71-73 
                  
Marri site 1 isolates (M1)               
MP81 H3718  1993    cg  3   —  —   7 
MP87 H3717  1993    cg  4   19  4    71-73 
MP99 H3718  1993    cg  9   16  16-45    3 
MP83 H3718  1993    cg  12   —  —   35 
MP82 H3718  1993    cg  14   11  11   20 
MP101 Z  1993    cg  15    41  9    65 
MP84 H3717  1993    cg  20   39  16-45   23 
MP100 Z  1993    cg  24    43-45  16-45    40 
MP80 H3718  1993    cg  27   42  3   13 
MP92 H3718  1993    cg  29   31  16-45    43-44 
MP89 H3718  1993    cg  32    37-38  16-45   54 
MP112 H3718  1993    cg  35    43-45  16-45    45 
MP90 H3718  1993    cg  40   —  —   66 
MP110 H3718  1993    cg  43    29  16-45    24 
MP88 H3718  1993    cg  44   26  16-45    8 
MP85 H3713  1993    cg  45   —  —   36 
MP91 H3718  1993    cg  47   25  16-45   15 
MP102 Z  1993    cg  54    33-35  16-45    22 
MP111 H3718  1993    cg  55    37-38  16-45    63 
MP86 H3717  1993    cg  61    14-15  16-45    6 
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Isolate details    Rank 
  
Lesions in 
detached branches
c  
Isolate No.  Pit No. 
Year 
isolated  
Microsat. 
genotype
a
Growth 
on PDA
b  Jarrah  Marri   
Plant 
survival
d
Jarrah site 2 isolates (J2)               
MP94-03 238  1994    cg  2    20  16-45    5 
MP94-32 232  1994    cg  5    —  —   17-18 
MP94-01 238  1994    cg  6    10  16-45    33 
MP94-48 232  1994    cg  7    —  —   58 
MP94-27 238  1994    cg  8    —  —   53 
MP94-11 228  1994    cg  11    8  13    10 
MP94-04 238  1994    cg  13    5  10    55 
MP94-47 232  1994    cg  19    —  —   30 
MP94-25 238  1994    cg  21    —  —   49 
MP94-39 232  1994    cg  23    —  —   26 
MP94-10 228  1994    cg  25    9  2    9 
MP94-19 239  1994    cg  26    —  —   43-44 
MP94-30 238  1994    cg  28    —  —   2 
MP94-40 232  1994    cg  30    —  —   19 
MP94-26B 238  1994   cg  33    —  —   31 
MP94-49 232  1994    cg  34    —  —   56 
MP94-15 228  1994    2  36    3  .6-7   41 
MP94-26A 238  1994   cg  37    —  —   38 
MP94-22 239  1994    3  38    —  —   12 
MP94-09 228  1994    cg  39   12-13  16-45    39 
MP94-42 232  1994    cg  49    17  16-45   17-18 
MP94-13 228  1994    2  57    21  16-45    42 
MP94-37 232  1994    cg  59    —  —   69 
MP94-17 228  1994    2  63    —  —   25 
MP94-05 238  1994    2  64    28  16-45    57 
MP94-12 228  1994    2  66    6  16-45    11 
MP94-20 239  1994    2  73    —  —   67 
                    
Marri site 2 isolates (M2)               
MP94-33 232  1994    cg  1   22-23  16-45    16 
MP119 W  1993    cg  10    24  8    27 
MP94-18 D5416 1994    cg  16    18  5    60 
MP116 W  1993    cg  17    32  16-45    48 
MP71 D5416  1993    cg  18    1  12   50 
MP115 W  1993    cg  22    43-45  16-45    32 
MP94-28 232  1994    cg  42    —  —   46 
MP118 W  1993    5  48    30  16-45    47 
MP114 W  1993    cg  51    12-13  16-45    62 
MP72 E5406  1993    cg  56   27  16-45   14 
a Microsatellite genotypes: cg, common genotype; genotype 1-6 (see text for details).
  
b Growth rates (mm/day) on potato dextrose agar ranked from fastest to slowest at 28°C then at 
24°C and then 20°C. 
c Lesion lengths (mm) in detached branches of jarrah and marri were ranked from longest to 
shortest. Only 45 isolates were tested. Those isolates that did not form lesions were ranked 43-45 
in jarrah branches and 16-45 in marri branches. Data from Hüberli (1995) re-analysed for this 
thesis. 
d Deaths of jarrah ranked from lowest to highest percent survival at 60 days, then 120 days, and 
then 182 days. Those isolates that did not cause deaths or lesions were ranked 71-73. 
e Ranks within a range are not different from one another. 
f Not included in experiment. 
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All isolates were the A2 mating type as described by Hüberli (1995). For microsatellite 
loci analysis, isolates were grown in non-clarified 20% V8 broth (Appendix 1), and 
DNA extracted and analysed with four microsatellite loci (d39, e16, g10 and g13) as 
described by Dobrowolski et al. (2001 a). 
 
2.3.3 Macro-morphological phenotypes 
Inoculum discs of 5 mm diameter were cut with a sterile cork borer from the colony 
margins of 5-day-old cultures grown on 10 mL of PDA and transferred, mycelial side 
down, to the centre of individual Petri-plates (9 cm diameter) containing 10 mL of PDA. 
Plates were sealed with Parafilm 'M' (American National Can., Chicago, USA) and 
incubated at 20, 24, 28 or 32 ±1°C in the dark. There were four replicate plates per 
isolate-temperature treatment. A preliminary study using ten isolates showed that at 12 
to 16°C growth was slow with no significant differences among isolates. Therefore, 
radial growth was measured after 4 days at 20, 24 and 28°C along two lines intersecting 
at right angles at the centre of the inoculum disc. The radial growth rate (mm/day) was 
calculated by taking the average of all radial measurements, subtracting the inoculum 
disc radius and dividing by four. Colony types of each isolate at each temperature were 
recorded as rosaceous, petaloid or no-pattern (Erwin & Ribeiro, 1996:  110). After 
16 days at 32°C, hyphal growth was very sparse and non-uniform, precluding radial 
growth measurements. These plates were transferred to a 24°C incubator for up to 
14 days to determine whether the 32°C had caused stasis (defined by growth at 24°C) or 
death (defined by no growth at 24°C) of the cultures. 
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2.3.4.1 Sporangia 
Sporangia were produced aseptically using the method described by O’Gara et al. 
(1997) prior to the stage of cold-shocking the hyphal-mats. Briefly, five small V8A 
squares were cut from the actively growing margin of a colony and inoculated onto a 
sterile cheesecloth square (about 7 cm
2) on V8A in a Petri-plate. After 5 days incubation 
at 24ºC in the dark, the colonised cheesecloth was transferred to a 250 mL Erlenmeyer 
flask containing 100 mL V8 broth (Appendix 1) and shaken at 100 rpm for 19 hours at 
24ºC. The colonised cheesecloth was then washed thoroughly in three changes of 
mineral salts solution (Appendix 1), suspended in 100 mL of this solution and incubated 
under the same conditions as previously, but for 24 hours. Sporangia formed during this 
nutrient deprivation stage. 
Mycelia strands were then carefully removed from the colonised cheesecloth, 
separated in water and examined at 400x magnification for sporangia. There were two 
replicate flasks each containing one colonised cheesecloth per isolate. The length and 
breadth of 15 intact primary sporangia per flask were randomly selected and measured, 
and the length:breadth (L:B) ratio calculated. Sporangial shape was recorded using the 
descriptors of Erwin & Ribeiro (1996).  
 
2.3.4.2 Oogonia, oospores and antheridia 
Isolates were paired individually with an A1 mating type isolate (3266; provided by 
M. J. C. Stukely, Dept. of Conservation, WA) on modified V8A (MV8A) (Appendix 1) 
and incubated for 14 days at 24 ±1°C in the dark. There were two replicate plates per 
isolate pairing. Plates were examined microscopically for gametangia and a small 
square (1 cm
2) was cut from a region that contained gametangia. The agar square was 
carefully squashed between a slide and cover slip, and examined at 1000x 
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were measured per plate. Previously, I observed that P. cinnamomi was able to produce 
paragynous antheridia (Hüberli, 1995). Therefore, the numbers of paragynous antheridia 
per plate were counted for 100 gametangial associations. In order to make comparisons 
with isolates from outside the WA jarrah forest, a number of overseas isolates of A2 
mating type were included in the gametangial morphology experiments (Table  2.2). 
These were crossed as described for the WA isolates. 
 
Table 2.2 Isolate code, host plant and location of isolation of additional Phytophthora 
cinnamomi isolates used in morphological experiments. 
 
Isolate No.
a Source/Host plant  Location 
Mating 
type 
Isozyme 
type 
P118  Yew roots and soil  UK  A2  type 2 
P209  Castanea sativa  UK A2  type  2 
P402  Avocado  Canary Islands  A2  type 2 
P404 Clove  Malaysia  A2  type  2 
P596  Quercus ilex (holm oak)  Spain  A2  type 1 
P613  Avocado (Tzaneen)  South Africa  A2  type 2 
a Isolates supplied by C. M. Brasier (Forest Research, Alice Holt Lodge, 
Surrey UK). 
 
 
2.3.5 Disease and pathogenicity phenotypes 
2.3.5.1 Capacity to form lesions in detached jarrah and marri branches 
This experiment formed part of my Honours thesis (Hüberli, 1995), and is included in 
the current thesis, re-analysed, for comparisons with the following glasshouse 
experiment and the morphological studies. A total of 45 isolates was screened in three 
separate trials, ensuring that all detached jarrah and marri branches were inoculated 
within 24 hours of being cut from the tree (Table 2.1). Isolates MP119 and MP127 were 
selected randomly as a representative from each mine and were included in each trial as 
standard isolates. Each host-isolate combination was replicated three times in the first 
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remaining two trials. 
During spring, 1-year-old green branches were cut from non-clonal jarrah and 
marri trees from the Jarrahdale minesite at dawn to minimise water-deficits. All side 
branches and leaves were immediately removed in the forest, and the branches were 
transported to the laboratory in moist hessian bags in insulated containers. Branches 
with a mean diameter ±SEM of 6.5 ±0.4 mm for jarrah and 6.2 ±0.3 mm for marri were 
cut into 20  cm lengths, and surface-decontaminated with 70% ethanol. In order to 
reduce desiccation of branches, the freshly cut ends were covered immediately with 
moist cotton wool and plastic film squares (6 cm
2) which were held in place with rubber 
bands.  
A sterile scalpel was used to cut a bark-flap, about 15 mm long and 10 mm wide, 
at the centre of each branch, through the epidermis to the phloem. A 5 mm diameter 
agar disc, cut from the margin of a 3-day-old culture growing on V8A, was inserted 
mycelium-side-down under the flap, the flap closed and the wound sealed with 
Parafilm. Controls were inoculated with sterile V8A discs. The tissue in contact with the 
inoculum disc will be referred to as the site of inoculation (SOI) for all underbark 
inoculations. Branches were incubated at 24°C in the dark in disinfected plastic trays 
(39 x 27 x 6 cm) lined with moist paper towels, and sealed in plastic bags. 
A preliminary experiment showed that 8 days after inoculation the rate of lesion 
extension began to increase more rapidly, probably as a result of branch senescence. 
Therefore, the total length of each externally visible lesion that extended above and 
below the SOI was measured daily for 6  days. After the final measurement, two 
randomly selected branches per isolate were plated onto NARPH to confirm the 
presence of P. cinnamomi. Lesion length increments varied daily, thus the data are 
presented as lesion lengths at 6 days.  
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This experiment was a completely randomised block design of clonal jarrah plants, 
underbark inoculated with all 73 isolates of P. cinnamomi. The trial was conducted in an 
evaporatively-cooled glasshouse and consisted of six blocks (benches), with one 
replicate plant from all isolates and four control plants in each block. 
One-year-old jarrah [line 77C40 (RR4); Marrinup Nursery, Alcoa World Alumina 
Australia, Pinjarra, WA] plants resistant to P. cinnamomi (I. J. Colquhoun, pers. comm.) 
were planted into 130  mm free-draining plastic pots. The potting medium (Richgro 
Garden Products, Canning Vale, WA) consisted of composted pine bark, coarse river 
sand and muck peat (2:2:1) with added basal fertiliser (Appendix 1). Each pot was top 
dressed with 10 mL of a commercial 4–9 month-slow-release low phosphate (1.6%) 
fertiliser (Scotts Osmocote Plus, Scotts Europe BV, Heerlen, The Netherlands). All 
plants were acclimatised to the glasshouse for 6 months prior to inoculation and hand 
watered daily to container capacity. The average minimum and maximum glasshouse 
temperatures for the duration of the experiment were 20°C and 29°C, respectively. 
Sterile Miracloth (Calbiochem Corporation, La Jolla, CA, USA) discs, 1 cm in 
diameter, were placed onto V8A (30 per plate). Each plate was inoculated with a 
P. cinnamomi isolate. Plates were incubated in the dark at 24°C for 10 days. Plants were 
underbark inoculated as described previously, but Miracloth discs were used as the 
inoculum. The bark-flap was cut upwards at approximately 5  cm above the potting 
medium surface. Controls were inoculated with sterile Miracloth discs. 
Survival of plants was monitored daily. Plants were scored as dead when all 
leaves were crisp and dry as re-sprouting can occur from plants judged visually as 
moribund. Dead plants were harvested and seven 1 cm sections from above the SOI 
were plated onto NARPH. At 26  weeks, all surviving plants were harvested after 
measuring the distal lesion lengths from the middle of the SOI upwards. Where lesions 
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up the stem and then cut longitudinally to expose the bark and wood to the NARPH 
medium. Visually symptomless stems were plated as above, from the SOI for 6 cm up 
the stem. All stem sections were plated sequentially onto NARPH, incubated at 24 ±1°C 
for 14 days and the recovery of P. cinnamomi examined every 2 days. Stem sections 
were removed from those plates from which P. cinnamomi was not recovered, and a 
leaching technique was used to obtain further recoveries (Chapter 6). The recovery of 
P. cinnamomi in advance of lesions is referred to as extension beyond the lesion (EBL). 
Colonisation refers to the total amount of stem invaded by the pathogen, which in 
symptomatic stems includes the lesion length and the EBL, while in symptomless stems 
includes only the extension beyond the SOI.  
 
2.3.6 Data analysis 
Following Tabachnick & Fidell (1996), data for parametric tests were screened for 
assumptions of homoscedasticity, presence of outliers, normality and non-correlations 
of means and variances, while all proportions were angular transformed prior to 
analysis. Outliers that could not be corrected using logarithmic transformation (defined 
as values greater than ±3.90 standard deviations from the mean) were present for the 
variables sporangia length, L:B ratios, oospore diameter and oosphere diameter These 
never exceeded three outliers out of 30 replicates per isolate so they were discarded 
from the analysis. All significant main effects and interactions were compared using the 
Least Significant Difference (LSD) test (P = 0.05). 
Colony data were tabulated into a three-way contingency table using the variables 
of colony type (no-pattern, petaloid and rosaceous), temperature (20, 24 and 28°C) and 
isolate sub-population (J1, M1, J2 and M2). Frequencies of sporangia shapes (nine 
shapes excluding pyriform, see Table  2.3) were cross-tabulated by isolate sub-
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because only one observation was made for this shape.  
Lesion lengths for the standard isolates in the detached branch experiment did not 
vary significantly (P > 0.30) among the three trials and so the three trials were analysed 
together. The data deviated from normality and could not be corrected by 
transformation, so the analysis used Kruskal-Wallis Analysis of variance (ANOVA). 
Where there were differences, pairwise comparisons between isolate sub-populations 
were made using Kruskal-Wallis ANOVA. Survival times and the 95% confidence 
intervals were estimated for the glasshouse pathogenicity experiment.  
Rank correlations were investigated among all morphological and pathogenicity 
characters separately for each isolate sub-population using the Spearman rank 
correlation coefficient (r). Significance of each correlation was tested at P = 0.005 using 
a Bonferroni correction to ensure that the significance level across all tests was 
P = 0.05. The interactions among isolate sub-populations r were investigated using the 
test for comparing more than two r (Zar, 1999). Interactions that were significant were 
further analysed using the Tukey-type multiple comparison test (Zar, 1999). 
Numerical taxonomic analyses were carried out using cluster analysis with 
Ward’s method as the agglomerative strategy and the squared Euclidean distance as the 
distance measure. The data set comprised of 24 variables including radial growth rates 
and colony types at 20, 24 and 28°C (6 variables), sporangial dimensions (3 variables) 
and shapes (9  variables), oospore and oogonial dimensions (2  variables), paragyny 
proportions (1  variable), lesion lengths in detached marri and jarrah branches 
(2  variables), and mean survival time (1  variable). The distance matrix from this 
analysis was then used as the basis for multidimensional scaling. The Krison Criterion 
and Scree Test of this data set showed that the best distinction is achieved with at least 
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dendrogram only. 
 
2.4 Results 
2.4.1 Microsatellite loci analysis 
Microsatellite analysis showed that all isolates were members of the A2 type 1 clonal 
lineage as described by Dobrowolski (1999). All the phenotypic variation described in 
this paper occurred in one clonal lineage of P. cinnamomi. There was no evidence for 
sexual reproduction by either selfing or outcrossing among the isolates. All 73 isolates 
were identical at two (e16 and g10) of the four loci. A total of 60 isolates were identical 
at all 4 loci examined and these are referred to as the common genotype as described by 
Dobrowolski (1999). Their genotype was d39 (122/136), e16 (169/171), g10 (118/154) 
and g13 (158/178/184), with microsatellite allele sizes given in base pairs. 
Microsatellite mutation at two loci (d39 and g13) and mitotic recombination at locus 
g13, produced six additional genotypes represented by 13 isolates (Table 2.1). These 
differed from the common genotype as follows: genotype 1, d39 (122/132); genotype 2, 
d39 (122/140); genotype  3, d39 (122/140) g13 (—/178/184); genotype  4, g13 
(158/176/184); genotype  5, g13 (158/180/184); and genotype  6, g13 (158/178/186). 
Genotype  2 was prevalent at site  2, which also had genotypes 3 and 5 (Table  2.1). 
Genotype 3 probably arose by mitotic recombination from genotype 2. The other three 
variant genotypes were found only at site 1 (Table 2.1). Genotypes 2 and 4 were found 
in more than one minepit and they were represented by six and three isolates, 
respectively.  
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2.4.2.1 Radial growth rates 
Growth rates for all isolates were lower (P < 0.001) at 20°C than at 24 and 28°C. Only 
J2 isolates had significantly (P = 0.004) increased growth rates between 24 and 28°C, 
while for the remaining isolates there were no differences between the two 
temperatures. The J1 isolates had lower (P <  0.008) growth rates at 24 and 28°C 
compared to the other isolates, and were the only group of isolates that had a growth 
optimum at 24°C (Table 2.3). Most of the isolates from the other three sub-populations 
had a growth optimum at about 28°C. At 20°C, J1 isolates had reduced (P < 0.005) 
growth rates in comparison to M1 and M2 isolates (Table 2.3). 
Growth rates at 20°C were correlated with those at 24°C for M1 and J2 isolates 
(r > 0.74, P < 0.001). Strong correlations (r > 0.83, P < 0.001) were found for growth 
rates at 24 and 28°C for all sub-populations except J1 isolates which had a significantly 
(P < 0.01) lower r compared to the other sub-populations. The r for growth rates at 20 
and 28°C for J1 isolates was lower (P < 0.01) in comparison to J2 isolates. Only for J2 
isolates were growth rates at 20°C and 28°C correlated (r = 0.75, P < 0.001).  
Growth of all isolates at 32°C was very limited (<0.5 mm), with no hyphae 
growing onto the agar. This temperature caused the death of 55 isolates in 16 days. The 
remaining 18 isolates re-grew between 5 and 10 days after transfer to 24°C.  
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isolates of Phytophthora cinnamomi from four sub-populations in the 
Eucalyptus marginata (jarrah) forest of Western Australia. Pathogenicity phenotypes 
are for underbark inoculations of detached jarrah and Corymbia calophylla (marri) 
branches with 45 isolates, and clonal plants of jarrah in the glasshouse with 73 isolates. 
Sub-populations were J1, M1, J2 and M2 isolates as explained in Table 2.1. Row values 
followed by the same letter are not significantly (P = 0.05) different. 
 
P. cinnamomi isolate sub-populations   
Phenotype  J1 (n=16)  M1 (n=20)  J2 (n=27)  M2 (n=10) 
Macro-morphology          
Growth on PDA           
Mean ±SEM growth rate (mm/day)          
20°C  3  .7  ±0.1 a  4  .0  ±0.1 b  3  .9 ±0.1 ab  4  .1  ±0.1 b 
24°C  5  .1  ±0.1 a  5  .7  ±0.1 c  5  .4  ±0.1 b  5  .6  ±0.1 c 
28°C  4  .9  ±0.1 a  5  .8  ±0.1 b  5  .7  ±0.1 b  5  .9  ±0.1 b 
Colony type (%) at:            
20°C No-pattern  6   15  37    10 
   Petaloid  75   65  63    60 
   Rosaceous  19   20  0    30 
24°C No-pattern  12   22  44    40 
   Petaloid  38   28  33    30 
   Rosaceous  50   50  22    30 
28°C No-pattern  0   11  33    10 
   Petaloid  69   67  52    80 
   Rosaceous  31   22  15    10 
Colony type consistency (%)           
Same at all temp.  25   28  44    40 
Different at two temp.  75   67  52    60 
Different at all temp.  0   5  4    0 
          
Micro-morphology          
Sporangia (mean ±SEM)          
Length (μm)  57.4 ±0.6 b  58.0 ±0.5 b  55  .2 ±0.3 a  57.3 ±0. 7 b 
Breath (μm)  35.0 ±0.3 a  35.7 ±0.3 a  35  .9 ±0.2 a  36.0 ±0.4 a 
Length:breadth ratio  1.65 ±0.01 c 1.64 ±0.01 c 1  .56 ±0.01 a  1.61 ±0.02 b
Shapes (%)           
Ovoid  57  .1  ±3.8  58  .0  ±2.8  74  .2  ±3.1  64  .7  ±4.8 
Limoniform  19.2 ±3.7  20  .3  ±2.9  13  .0  ±1.7  18  .3  ±3.1 
Ellipsoid  7.5 ±1.3  7.2 ±1.2  5  .7  ±1.1  5.0 ±1.5 
Obpyriform  7  .9  ±2.1  7  .5  ±1.4  2  .3  ±0.7  4  .7  ±2.2 
Cylindrical  1.9 ±0.6  1  .2  ±0.4  1  .5 ±0.5  2.3 ±1.3 
Distorted  2  .5  ±0.6  2  .0  ±0.8  1  .4  ±0.7  2  .3  ±1.6 
Globose  1  .5  ±0.5  0.7 ±0.4  0  .9  ±0.3  1  .3  ±0.5 
Obovoid  1  .3  ±0.7  2  .3  ±0.9  0  .7  ±0.3  0.3 ±0.3 
Conical  1  .3  ±0.4  0  .8  ±0.5  0  .2  ±0.2  1  .0  ±1.0 
Pyriform 0  0  0  .1    ±0.1  0 
          
Gametangia (mean ±SEM)          
Oogonia diam. (μm)  37.9 ±0.2 a  38.2 ±0.2 a  38  .2 ±0.1 a  38.3 ±0.2 a 
Oospore diam. (μm)  35.4 ±0.2 a  35.7 ±0.2 a  35  .6 ±0.1 a  35.8 ±0.2 a 
Paragynous associations (%)
a 18.3 ±2.7 a  12.8 ±1.8 a  15  .2 ±1.8 a  17.0 ±3.7 a 
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  P. cinnamomi isolate sub-populations 
Phenotype  J1 (n=16)  M1 (n=20)  J2 (n=27)  M2 (n=10) 
Pathogenicity      
Lesion lengths (mean ±SEM) in 
detached branches 
       
Jarrah  32.3 ±3.1  21.7 ±2.7  36.7 ±2.6  31.4 ±3.0 
Marri  3.1 ±1.9  1.8 ±0.9  2.4 ±1.3  3.2 ±1.4 
      
Clonal jarrah in glasshouse         
Mean estimated plant survival 
(day) 
297 a  201 b  197 b  188   b 
Upper 95% confidence interval  421  270  262  271 
Lower 95% confidence interval  209  149  148  131 
Surviving plants 182 days after 
inoculation 
    
Proportion  plants  (%)  53 40 37 37 
Recovery of P. cinnamomi (%)
b 33 44 45 41 
Group mean ±SEM      
Lesion length (mm)  13 ±4.5  14 ±3.3  21 ±4.5  18 ±5.7 
Extension beyond lesion 
(mm) 
3 ±1.1  7 ±2.1  7 ±1.9  6 ±3.2 
Colonisation (mm)  17 ±4.6  20 ±4.1  28 ±5.2  24 ±6.2 
a Paragynous associations always had amphigynous antheridia. 
b Includes lesioned and symptomless plant material which were washed and leached to obtain a recovery 
of P. cinnamomi (Chapter 6). 
 
 
2.4.2.2 Colony types 
The range of growth and colony morphology observed at 20, 24 and 28°C is shown in 
Figure 2.2. The log-linear model which best fitted the data involved significant two-way 
interactions between colony type and temperature (χ
2
6 = 19.92, P < 0.005) and between 
colony type and isolate sub-population (χ
2
9 = 45.31, P < 0.001). J2 isolates had different 
colony proportions at 20 and 28°C in comparison to all isolate sub-populations, while at 
24°C they were very similar to M2 isolates (Table 2.3). The three colony types were 
more evenly represented in each isolate sub-population at 24°C in comparison to those 
at 20 and 28°C (Table 2.3). At 24 and 28°C, rosaceous colonies for site 1 isolates were 
more predominant than for site 2 isolates and the site 2 isolates had a larger proportion 
of no-pattern colonies at 24°C compared to the site 1 isolates. Site 2 isolates had more 
consistent colonies over all three temperatures than site 1 isolates (Table 2.3). 
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2.4.3.1 Sporangia 
Sporangial lengths of J2 isolates were smaller (P < 0.009) than the J1, M1 and M2 
isolates, while for breadths only, there were no differences (P = 0.09) between the sub-
populations (Table 2.3). The site 1 isolates had larger (P < 0.02) L:B ratios compared to 
site 2  isolates  (Table 2.3). The J2 and M2 isolates were significantly (P = 0.003) 
different from one another. Sporangia lengths and breadths were significantly correlated 
(r > 0.59; P < 0.005) for all sub-populations except M2 isolates.  
All isolates formed non-papillate sporangia. Of the eleven sporangial shapes 
recorded, the dominant one was ovoid (57–74%) followed by limoniform (13–20%), 
ellipsoid (5–8%) and obpyriform (2–8%) (Table 2.3). All isolate sub-populations had 
less than 2.5% of conical, globose, cylindrical, distorted and obovoid sporangia. 
Contingency Table Analysis revealed an association (P  =  0.001) between sporangia 
shapes and isolate sub-populations. Site 1 isolates had the lowest frequency of ovoid 
(57–58%) sporangia, and had the highest of limoniform (19–20%), ellipsoid (7–8%), 
obpyriform (7–8%) and obovoid (1–2%) sporangia compared to site  2 isolates 
(Table 2.3). 
 
2.4.3.2 Oogonia, oospores and antheridia 
There were no differences (P > 0.39) among the isolate sub-populations in oogonia and 
oospore diameter and paragyny percentage (Table 2.3). Oospore and oosphere diameter 
for all sub-populations were strongly correlated (r > 0.97; P < 0.001). All isolates had 
some paragynous antheridial associations and these were always in conjunction with 
amphigynous antheridia. There were ten isolates that had paragynous association 
averages of more than 30%, with MP97-07 (J1) and MP62 (J1) having as many as 42% 
and 48.5%, respectively. 
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Figure 2.3 Range of sporangial shapes observed for 73 isolates of Phytophthora 
cinnamomi. a and b, ovoid sporangia. c, direct germination of an ovoid sporangium. d, 
limoniform sporangium. e, ellipsoid sporangium. f–h, obpyriform sporangia. i, 
cylindrical sporangium. j–n, distorted sporangia. o, globose sporangium. Bar = 40 µm. 
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significantly (P  <  0.05) smaller oogonia and oospores compared to the S1 and S2 
isolates (Tables 2.3 and 2.4). Overall, the UK isolates formed the smallest oogonia and 
oospores (Table  2.4). All non-Australian isolates formed paragynous antheridia with 
P404 (Malaysia), P402 (Canary Island) and P118 (UK) forming the most paragynous 
associations. 
 
Table 2.4 Mean diameters of oogonia and oospores and mean percentage of paragynous 
associations of non-Australian isolates of Phytophthora cinnamomi. Column values 
followed by the same letter are not significantly (P = 0.05) different. 
 
Oogonia diam. 
(μm) 
Oospore diam. 
(μm) 
Paragynous 
associations (%)
a
Isolate 
No.
a Location 
P118  UK  32.1 ±0.6 a  29.6 ±0.6 a  8.5 ±2.5 bc 
P209  UK  33.2 ±0.6 ab  30.5 ±0.6 ab  3.0 ±1.4 ab 
P402  Canary Islands  35.4 ±0.7 c  32.2 ±0.6 b  9.0 ±2.8 c 
P404  Malaysia  38.2 ±0.9 d  34.8 ±0.8 c  14.5 ±2.1 c 
P596  Spain  35.1 ±0.8 bc  32.2 ±0.8 b  2.0 ±1.4 a 
P613  South Africa  33.3 ±0.7 abc  30.7 ±0.6 ab  2.0 ±1.4 a 
a Paragynous associations always had amphigynous antheridia. 
 
 
2.4.4 Disease and pathogenicity phenotypes 
2.4.4.1 Capacity to form lesions in detached jarrah and marri branches 
Most isolates formed lesions within 3 or 4 days after inoculation in jarrah and marri 
branches, respectively, and P. cinnamomi was always isolated from the lesions. Isolates 
MP100 (M1), MP112 (M1) and MP115 (M2) did not form lesions in either host, 
however, the pathogen was always recovered from the SOI. An additional 27 isolates 
failed to produce lesions in marri branches and P. cinnamomi was recovered from the 
SOI (Table 2.1). Correlations of lesions in jarrah branches with marri branches were not 
significant for all sub-populations (r < 0.68, P > 0.02). Lesions in jarrah branches were 
always longer (P  <  0.001) than those in marri branches for the four isolate sub-
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lengths in jarrah and marri branches were not different (P > 0.05). The M1 isolates 
formed smaller (P < 0.04) lesions in jarrah branches compared to the other three isolate 
sub-populations. In marri branches, there were no differences (P = 0.66)  in  lesion 
lengths among isolate sub-populations. Controls never had lesions and P. cinnamomi 
was never recovered from these branches. 
 
2.4.4.2 Capacity to cause deaths of clonal jarrah plants 
The first plant death occurred 6 days after inoculation for isolate MP94-11 (J2). The J1 
isolate sub-population had a lower (P < 0.05) capacity to cause deaths compared to the 
other three sub-populations over the 26 week duration of the experiment (Figure 2.4). 
This distinction between the J1 and the other sub-populations was significant (P < 0.05) 
at 70 days after inoculation (Figure 2.4).  
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Figure 2.4 Percentage survival for a clonal line of Eucalyptus marginata (jarrah) that 
was underbark inoculated in the glasshouse with 73 isolates of Phytophthora cinnamomi 
from four sub-populations in the jarrah forest of Western Australia. Sub-populations 
were J1, M1, J2 and M2 isolates as explained in Table 2.1. 
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MP94-30 (J2) (Table 2.1). They killed all plants within 59 days. Isolates MP96 (J1), 
MP97-07 (J1) and MP87 (M1) did not cause any deaths and were considered non-
pathogenic in the conditions tested (Table 2.1). Of these, MP96 (J1) and MP97-07 (J1) 
did not form lesions and P. cinnamomi was not recovered from these stems. Isolate 
MP87 (M1) did not produce lesions, however, one replicate had an EBL of 10 mm. The 
remaining 68 isolates, including four which killed all plants within 106–177 days, were 
considered intermediate in their pathogenicity, as they were highly variable in their 
capacity to cause deaths over the duration of the experiment. Phytophthora cinnamomi 
was recovered from only 33% (16) of the surviving plants inoculated with J1 isolates, 
which was the lowest isolation percentage, compared to the other three isolate sub-
populations (Table 2.3). Overall, the site 1 isolates generally formed smaller lesions and 
colonisation was lower compared to the site  2 isolates (Table  2.3). Eight additional 
recoveries of P. cinnamomi were obtained when the leaching technique was applied to 
stems from the 51 surviving plants. All control plants were symptomless except for one 
that died after 18 weeks, but it had no lesion and P. cinnamomi was not isolated from 
this plant.  
The capacity to cause deaths was not significantly correlated with the capacity to 
form lesions in jarrah (-0.42 < r < 0.57, P > 0.11) and marri (-0.02 < r < 0.57, P > 0.11) 
branches for all sub-populations. Of three isolates that produced large lesions in jarrah 
and marri branches (MP62 (J1), MP94-10 (J2) and MP94-15 (J2)), only MP94-10 (J2) 
had a relative high capacity to cause deaths in clonal jarrah (Table 2.1).  
 
2.4.5 Correlations of morphological and pathogenicity phenotypes  
All correlations were tested at P = 0.005 after Bonferroni correction. The correlation of 
growth rates on PDA at all temperatures with jarrah deaths (-0.49 < r < 0.09, P > 0.05), 
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lesions (r < 0.57, P > 0.02) was low. Isolates ranked high in pathogenicity in any of the 
experiments had either slow or rapid growth on PDA (Table 2.1). Cluster analysis of 24 
morphological and pathogenicity phenotypes grouped the isolates into two distinct 
groups that corresponded to site of origin with 76-77% accuracy (Figure 2.5). This site 
discrimination became less obvious as fewer phenotypic variables were used in the 
analysis. No one variable could be used to distinguish sites or hosts from which an 
isolate originated. 
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Figure 2.5 Relationships among 73 isolates of Phytophthora cinnamomi from four sub-
populations in the Eucalyptus marginata (jarrah) forest from Western Australia revealed 
by Ward’s Method cluster analysis of the matrix of Squared Euclidean distance based 
on 24 morphological and pathogenicity characters. Sub-populations were J1 (λ), M1 
(ν), J2 ( ) and M2 ( ) isolates as explained in Table 2.1.  Variant  microsatellite 
genotype isolates are in bold. 
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This study demonstrates the substantial variation in some phenotypes within a clonal 
lineage of P. cinnamomi. Remarkably, this variation occurred within two WA 
populations located 70 km apart. It is the first such study for P. cinnamomi and possibly 
for  Phytophthora using many isolates, which focuses on phenotypic and genotypic 
variation from localised populations. 
 
2.5.1 Genotypic variation 
Out of the three clonal lineages of P. cinnamomi (Dobrowolski, 1999) found in 
Australia, only the A2 type 1 clonal lineage was found at both sites. The microsatellite 
analysis provided no evidence for sexual reproduction, as described previously 
(Dobrowolski, 1999). My finding is consistent, as the A1 mating type has never been 
isolated from either site despite many attempts over 9 years. However, other studies of 
Australian populations of P. cinnamomi also found no evidence of sexual reproduction, 
despite the presence of both A1 and A2 mating type isolates, sometimes in close 
proximity (Old et al., 1984 a, 1988; Dobrowolski, 1999). There was no evidence of 
recombination by selfing in A2 isolates (Old et al., 1984 a, 1988; Dobrowolski, 1999) 
although oospore production in A2 isolates can be stimulated by Trichoderma species 
(Brasier, 1971; Pratt et al., 1972). 
In addition to the common genotype, six microsatellite genotypes that were 
represented in J1, J2 and M2 isolates were found. Two of these genotypes were found in 
more than one minepit. If the microsatellite mutation events causing these genotypes 
occurred only once, then these two groups of isolates were spread prior to or as a result 
of mining activity. One possibility for their dissemination is the previous and current 
practice of moving topsoil from one infested minepit to another during rehabilitation 
(Colquhoun & Hardy, 2000).  
Chapter 2: Phenotypic variation in a clonal lineage of two Phytophthora cinnamomi populations from Western Australia  45The phenotypic variation observed in the present study has arisen asexually. The 
large numbers of propagules produced in affected sites (Zentmyer, 1980) together with 
differences in environmental factors between sites theoretically provide conditions for 
genetic variation to occur or phenotypic variation to be expressed (epigenetic 
differences) in the two sites. Therefore, stringent hygiene measures should be 
maintained between populations to prevent the introduction of any new isolates that 
differ in phenotype, which may result in greater disease expression.  
 
2.5.2 Macro-morphological phenotypes 
The growth-temperature relationship of isolates is affected by the composition of the 
agar medium (Shepherd & Pratt, 1974; Zentmyer et al., 1976) and isolation method 
(Shepherd & Forrester, 1977). Consequently, comparisons among data sets are virtually 
impossible unless consistent agar media are used and populations of similar genetic 
background are compared. My fastest growing isolates at 24°C from two localised 
populations were at the lower range of radial growth rates reported by Zentmyer et al. 
(1976), who used fresh potatoes in their agar medium. But, they were similar to South 
African isolates growing at 25°C on synthetic PDA (Linde et al., 1999). The J1 sub-
population had slower growth rates on PDA. Growth rate distinctions have previously 
been found in national populations (Shepherd & Pratt, 1974; Linde et al., 1999). None 
of my isolates grew at 32°C and 75% were killed after 16 days exposure to 32°C. This 
is in contrast to other studies where some isolates of P. cinnamomi have been shown to 
grow at temperatures greater than 34°C on fresh PDA (Zentmyer et al., 1976) and on 
other agar media (Haasis et al., 1964; Shepherd et al., 1974; Ann & Ko, 1985).  
To my knowledge, the instability of colony morphology has not been reported 
before for P. cinnamomi or any Phytophthora species Considering that all my isolates 
were of the same clonal lineage, my work demonstrates that colony morphology for 
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when identifying Phytophthora species Overall, the rosaceous and petaloid colonies 
were the predominant types, which agrees with previous studies on PDA using 
worldwide collections (Haasis et al., 1964; Zentmyer, 1980). However, I found that the 
site  2 isolates were distinct in that 40–44% formed no-pattern colonies. Also, 
temperature altered colony type in up to 75% of all isolates tested and two isolates 
(MP81 and MP94-32) produced different colony types at each temperature.  
 
2.5.3 Micro-morphological phenotypes 
Relatively stable phenotypic characters were oospore, oosphere and sporangia 
dimensions, and sporangia shapes as described for other isolates (Stamps et al., 1990). 
Variation in these characters was low compared to paragyny proportions or growth on 
PDA. However, as commented earlier, comparisons among studies are difficult as 
nutrition affects oospore and oogonia size (Chang et al., 1974; Zentmyer et al., 1979) 
and paragyny proportion (Gao et al., 1998). These examples emphasize that comparison 
of organ measurements needs to be approached with caution unless the methods used 
are well defined. 
Currently, the genus Phytophthora is divided into six groups providing a practical 
classification (Waterhouse, 1963). Sporangia were all non-papillate and their 
dimensions were a stable character in the present study, which agrees with 
Waterhouse’s grouping. Antheridial associations in my study were found to be highly 
variable, with ten WA isolates having more than 30% paragynous and amphigynous 
antheridia in a species considered to form exclusively amphigynous antheridia (Stamps 
et al., 1990). In Chapter 3, I determine whether paragynous antheridia are functional. 
Paragynous antheridia were observed for isolates from WA, Europe (Canary Island, 
Spain and UK), South Africa and Malaysia in the current study, as well as other 
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researchers using European and Australian isolates (I. C. Tommerup, pers. comm. 1998; 
R. Daniel, pers. comm. 2001). These findings indicate that paragyny is widespread in 
P. cinnamomi and warrants a re-description of the species to include paragynous 
antheridia as a character. This makes P. cinnamomi the second species in group VI of 
the Phytophthora key that is able to form paragynous antheridia. But P. cinnamomi is 
distinct from the other, P. richardiae (homothallic), in that it has both paragynous and 
amphigynous antheridia associated with an oogonium. 
Recently, molecular techniques have shown a clear association of species 
according to Waterhouse’s grouping by sporangial papillation form (Crawford et al., 
1996; Cooke & Duncan, 1997). However, antheridial association was not correlated 
with molecular grouping and was not considered a sound criterion for classifying 
Phytophthora species (Cooke & Duncan, 1997). Indisputable molecular techniques for 
classifying Phytophthora species would have a distinct advantage over morphological 
characters since they are not subject to environmental influences. An ITS region used 
for distinguishing Phytophthora species had some variation among isolates (Brasier 
et al., 1999). Based on the current and other (Old et al., 1984 a, 1988; Dobrowolski, 
1999) genetic and phenotypic analysis, studies of intraspecific molecular variation using 
a large number of isolates needs to be conducted before molecular techniques can be 
routinely used for distinguishing taxa or isolate variation. 
 
2.5.4 Disease and pathogenicity phenotypes 
2.5.4.1 Capacity to form lesions in detached jarrah and marri branches 
I found no evidence of host specificity among marri and jarrah isolates in branch 
inoculations. Marri isolates were not more aggressive in marri branches, and likewise 
for jarrah isolates in jarrah inoculated branches. This indicates that the capacity of 
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Some earlier studies have raised the possibility that host specificity exists in 
P. cinnamomi pathogenicity (Zentmyer, 1980; Zentmyer & Guillemet, 1981). However, 
conclusive interpretations probably cannot be made from these studies as they used five 
or fewer isolates. My conclusion of a lack of host specificity in P. cinnamomi is 
supported by recent intensive pathogenicity studies with Australian (Dudzinski et al., 
1993), French (Robin & Desprez-Loustau, 1998) and South African (Linde et al., 1999) 
isolates. 
Linde et al. (1999) found that age of cultures had an effect on the capacity to form 
lesions, as indicated by Erwin & Ribeiro (1996). Unlike my methods, Linde et al. 
(1999) did not re-passage the isolates through plant material prior to the tests. Hence, 
the differences they found amongst isolates may be due to a mixture of culture age and 
innate isolate phenotype. 
Most of my 73 isolates were more aggressive in detached jarrah branches than 
marri branches. This supports the findings in studies with attached stem inoculations 
(Tippett et al., 1985; Shearer et al., 1988) and forest observations (Podger, 1972) that 
marri is more resistant to P. cinnamomi than jarrah. Detached stems have been used to 
assess the susceptibility of numerous woody plant species to P. cinnamomi and other 
Phytophthora species (Sewell & Wilson, 1959; Dixon et al., 1984; Matheron & 
Mircetich, 1985; Dolan & Coffey, 1986; Hansen et al., 1989; Scott et al., 1992). They 
have not been used with any Eucalyptus species although detached roots have been, 
with varying success (Tippett et al., 1985; Shearer et al., 1987 a). Shearer et al. (1987 a) 
found that the growth of Phytophthora species, including P. cinnamomi, in detached 
jarrah roots correlated with the growth in intact stems in the forest. In a similar study 
with marri and jarrah, Tippett et al. (1985) did not find a correlation between lesion 
length in attached stems of trees in the forest and in the detached roots.  
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hosts and had a high capacity to cause deaths. Rapid early colonisation of the pathogen 
was not correlated with deaths and there are a number of possibilities for this. Firstly, 
plants were physiologically different in the two experiments, and secondly, lesion 
lengths and death of plants may not correlate. In another environmentally-controlled 
inoculation experiment, I found that some plants with large lesions survived longer than 
others with small lesions (Chapter 4). This is similar to my observations for inoculated 
clonal jarrah in a rehabilitated forest minesite trial (Appendix 2). Thirdly, lack of a 
correlation may be due to differences in inoculum. An agar-based inoculum used in the 
detached branch experiment may give the pathogen a competitive edge over a non-food-
based inoculum, such as the colonised Miracloth discs used in the glasshouse 
pathogenicity experiment.  
In both experiments, differences among isolates’ capacity to cause disease was 
five-fold or more, indicating that this capacity is a variable phenotype and may be 
influenced by many factors. Also, it may be a multigenic character given the breadth of 
behaviour of the pathogen clonal lineage in a jarrah clonal line. Consequently, the 
detached jarrah branch test should not be used in discrimination of pathogenicity among 
isolates, but it may be useful in rapidly determining the susceptibility of plant hosts. 
This test would be beneficial in breeding programs and rehabilitation of infected 
minepits with resistant plant lines. However, more Eucalyptus species would need to be 
tested with many P. cinnamomi phenotypes to develop it as a routine procedure.  
 
2.5.4.2 Capacity to cause deaths of clonal jarrah plants 
Considerable variation in pathogenicity existed among isolates from the two sites and 
among minepits. The capacity to cause deaths ranged from killing all trees in 54 days to 
non-pathogenic, with most isolates being intermediate. This large variation in 
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& Desprez-Loustau, 1998) and South African (Linde et al., 1999) national collections of 
isolates, but not from local collections. Dudzinski et al. (1993) found a 2.3-fold 
difference in the capacity to cause deaths among their 18 A2 type  1 isolates from 
Australia-wide collections compared to my five-fold difference among isolates from 
local populations. This disparity between the two studies may be due to differences in 
the clonal lines of jarrah and the physiological age of plants.  
These large amounts of variation in two regional forest communities of the 
pathogen clonal lineage have important implications for the screening of plants resistant 
to P. cinnamomi. For example, MP97-12 and MP94-30, which killed all plants within 
59  days would infer the host was susceptible, while those isolates that were non-
pathogenic or intermediate in my study would falsely imply the host was resistant to 
P. cinnamomi. My results suggest that the jarrah clonal line RR4 indeed has lower 
resistance against my isolates than those used previously (McComb et al., 1990) for 
assessing resistance of jarrah. The large variation in pathogenicity phenotypes also 
indicates that a set of different isolates having a wide spectrum of pathogenicity is 
required to test for resistance of different hosts. 
The capacity to cause deaths by the majority of J1 isolates was low. Individual J1 
isolate pathogenicities contributed to a sub-population phenotype that had a lower 
capacity to cause deaths. This is also reflected by the lower recovery of J1 isolates from 
the surviving plants compared to the other three sub-populations. However, low 
recovery was not necessarily due to the pathogen being dead, as a small proportion were 
recovered by a leaching technique (Chapter 6).  
A complication in the prevention of P. cinnamomi spread is the lack of fine-scale 
mapping of the pathogen distribution in forests and of recognition that symptomless 
infected trees may be present. Standard isolation practises of plating tissue directly onto 
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I had similar evidence of P. cinnamomi not being detected in plant tissue until it was 
extensively leached before plating as in Chapter 6. Failure to detect the pathogen by 
direct plating could result in misclassification of sites and inadvertent contamination of 
unaffected sites. Also, it could provide opportunities for introductions of new 
phenotypes to affected sites. Diagnostic tools that detect P. cinnamomi in its low-active 
states with high reliability are urgently required. 
 
2.5.5 Correlations of morphological and pathogenicity phenotypes 
Phenotypic variation was independent and continuous such that isolate sub-populations 
overlapped with one another. No single or small group of characters could be identified 
to separate the population into sub-species units as 24 variables were required to obtain 
76% differentiation of sites. No distinction was due to the host from which isolates were 
derived. The range of variation indicates these phenotypic traits are quantitative. The 
segregation of isolates by site in the dendrogram implies that phenotypic divergence has 
occurred in the two populations. While it was not within the scope of this study to 
determine the factors that contributed to phenotypic divergence, a number of 
possibilities could have contributed including selection, high mutation rates, inherited 
expression differences (epigenetic differences) and/or stochastic events.  
No significant relationship was found between radial growth rates and 
pathogenicity phenotypes for the 73 isolates tested. This finding conflicts with the 
report of Linde et al. (1999) who found a significant correlation between lesion length 
and growth on agar. They postulated a causal relationship and fitted a non-linear 
equation to the data. In the present study, no causal relationship was found. Two 
methodological differences that could contribute to Linde’s correlations are the use of 
agar as an inoculum source or the lack of isolate re-passaging prior to the experiments 
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capacity to cause deaths or lesions in the present study, I would not recommend using 
PDA as a quick screen for highly pathogenic isolates in jarrah breeding and selection 
programs as suggested for the E. smithii selection program in South Africa (Linde et al., 
1999). On the basis of my data, I would be cautious in using their approach for 
Phytophthora disease resistance selection programs without additional work on the 
capacity of isolates to cause deaths and how this phenotype relates to the capacity to 
cause lesions in the host. Such work may show that lesions and deaths are not correlated 
as indicated in the present study. The relationship between lesion and death will be 
investigated further in Chapter 4. 
In summary, the findings of large phenotypic variation among isolates derived 
asexually from one clonal lineage have important taxonomic, management and 
resistance-screening implications. The study showed that there are stable and non-stable 
taxonomic characters for P. cinnamomi. The non-stable characters such as paragyny and 
colony morphology on PDA warrant an adjustment of the species description to include 
these phenotypes. Within a site or minepit, large variation among isolates in the 
capacity to cause disease in jarrah and marri was found. Microsatellite evidence 
indicated that dissemination of P. cinnamomi isolates between minepits had occurred 
prior to or during mining. It is suggested that in affected ecosystems a minimal soil 
movement policy is adopted to reduce the chance of introductions of new phenotypes. 
For resistance-screening programs, it is extremely important to use isolates most 
pathogenic to the host in question. 
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  543.1 Chapter abstract 
The morphology of gametangia was examined in 43 pairs of isolates (mating types A1 x 
A2; 11 A1 and 24 A2 isolates; 5 isozyme/electrophoretic types) of Phytophthora 
cinnamomi. An amphigynous antheridium always formed with each oogonium. 
However, in 41 of the crosses a proportion (39 had 0.2-10% and 2 had >30%) of 
oogonia also consistently had single or multiple paragynous antheridia. Single or 
multiple paragynous antheridia formed concurrently with amphigynous ones during the 
period of gametangial production in paired colonies. Where there were multiple 
paragynous antheridia associated with an oogonium, sometimes additional antheridia 
formed after fertilisation or even after oospores were visible. Developmental studies 
showed that when meiosis in amphigynous and paragynous antheridia was 
simultaneous, fertilisation tubes developed synchronously from both. However, 
cytological examination indicated that either a nucleus from an amphigynous or a 
paragynous antheridium fertilised the oosphere. Observations of paragynous and 
amphigynous, and amphigynous-only associations suggested that fertilisation from 
either type of antheridium only occurred when meiosis in the oogonium was nearly 
synchronous with that of the antheridium. Asynchronous meiosis between oogonia and 
antheridia may contribute to failed fertilisation and aborted oospore development. This 
appears to be the first description of paragynous antheridia in P. cinnamomi and the 
second observation of oogonia with both paragynous and amphigynous antheridia in a 
heterothallic Phytophthora species. Moreover, the development of both paragynous and 
amphigynous antheridia with an oogonium is rare in Phytophthora, as is the 
development of multiple antheridia. Antheridial variation is a characteristic to be taken 
into account in isolate identification. Nuclei from paragynous antheridia appear able to 
fertilise oospheres and therefore, have a role in sexual reproduction. 
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Although the pathogen produces oospores in naturally infested soil and roots (Mircetich 
& Zentmyer, 1966), most understanding of sexuality in Phytophthora cinnamomi is 
derived from paired mating studies on agar media. These studies demonstrated that 
P. cinnamomi is heterothallic and therefore requires the presence of opposite mating 
types, designated A1 and A2, to form oospores (Galindo & Zentmyer, 1964; Haasis 
et al., 1964; Savage et al., 1968). However, A2 isolates may be homothallic under 
certain conditions (Zentmyer, 1980; Gerrettson-Cornell, 1989). 
Current understanding is that heterothallic species of Phytophthora  form 
amphigynous antheridia, while homothallic species form paragynous and occasionally 
amphigynous antheridia on the same culture plate (Savage et al., 1968; Brasier, 1983; 
Gerrettson-Cornell, 1989; Stamps et al., 1990). Heterothallic species have not been 
observed to produce paragynous antheridia (Stamps et al., 1990; Erwin & Ribeiro, 
1996). The only two species of Phytophthora that have both types of antheridia 
associated with an oogonium are P. hibernalis (homothallic) and P. porri (homothallic). 
It is not known whether there is a relationship between amphigyny and heterothallism, 
and indeed what purpose amphigynous as opposed to paragynous antheridia would 
perform in heterothallic species (Brasier, 1983). Other phytopathogenic heterothallic 
species of Oomycota, such as Bremia lactucae, have only paragynous antheridia 
(Tommerup, 1988) suggesting that amphigyny may be efficient for sexual reproduction 
and that it may be of no special advantage in planta. 
Paragynous antheridia were observed in Chapter  2 during examination of 
gametangial phenotypes among the 73 isolates of P. cinnamomi of one clonal lineage 
from Western Australia (WA). A set of eight isolates that ranged in ability to form 
paragynous antheridia were selected for further analysis of incidence of paragynous 
antheridia, variation in their ontogeny and possible functional role in fertilisation. 
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investigated in crosses amongst eleven isolates varying in their capacity to cause disease 
and geographical distribution in Australia and eight crosses amongst Papua New Guinea 
(PNG) isolates.  
 
3.3 Materials and methods 
3.3.1 Isolates 
Eleven isolates of P. cinnamomi from an Australian-wide culture collection (CSIRO, 
Canberra) which have a known range of pathogenicity, isozyme type and mating type 
(Dudzinski et al., 1993), 14 isolates from PNG (Old et al., 1984 a) and 10 WA isolates 
were used in this study. The Australian-wide isolates (four A1 and seven A2 mating 
types) and 14 PNG isolates (six A1 and eight A2 mating types) represent a wide range 
of isozyme types (Old et al., 1984 a) or electrophoretic types called CINN (Oudemans 
& Coffey, 1991). Matings involved isozyme genotypes A1 type 1, A2 type 1 and A2 
type 2 called respectively electrophoretic type CINN  2, CINN  4 and CINN  5; and 
CINN  6 and CINN  7 for which no isozyme type was named although the isozyme 
variants were described by Old et al. (1984 a). The WA isolates were from Cape Hope 
(3266, provided by M. J. C. Stukely) and Alcoa World Alumina Australia minesites at 
Huntly (MP125), Jarrahdale (MP62, MP96, MP100 and MP112) and Willowdale 
(MP94-09, MP94-17, MP94-48 and MP116). Additional details for Jarrahdale and 
Willowdale isolates appear in Chapter  2.3.1. The A1 isolate from Cape Hope was 
crossed against the nine A2 isolates. The A2 isolates were selected after observations 
for mating type behaviour of 73 isolates from this region. 
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Isolates were paired with isolate 3266 on modified V8A (MV8A) (Appendix 1) and 
gametangia examined microscopically as described previously (Chapter 2.3.4.2). There 
were four replicate plates per isolate. Numbers of amphigynous and paragynous 
antheridia associated with each oogonium were recorded for 30 randomly selected 
mature oogonia for each cross. Antheridium, oogonium and oospore diameter also were 
recorded. In 26 matings of 11 Australian-wide isolates, the proportion of oogonia with 
either only amphigynous, only paragynous or both types of antheridia were recorded for 
500 oogonia per replicate in a transect along the zone of interaction of the mating 
isolates. In eight matings of PNG isolates, antheridial associations were recorded as in 
the 26 Australian-wide matings for 300 oogonia per replicate. There were two replicate 
plates (values for duplicates were similar). Observations of the presence of paragynous 
antheridia in all the pairings were repeated 4–7 times. 
Development of antheridia was examined in living and fixed material. Pieces of 
agar were cut from 7-day-old pairings in regions containing gametangia and developing 
oospores. For fixed material they were incubated in iced water for 1 hour prior to fixing 
for 16 hours with acetic acid/100% ethanol (1:3, v/v) and stored in 70% ethanol at 4°C 
for 1–14 days before staining. Trypan blue in lactic acid-glycerol solution was used to 
reveal structural changes (Tommerup, 1984). Nuclei in antheridia and oogonia were 
stained by a modification of the technique used by Tommerup (1988). Stored agar 
segments were suspended in two changes of 60% aqueous acetic acid for 5 minutes at 
24°C and for 15 minutes at 60°C, stained immediately in 2% orcein in 60% acetic acid 
for 2 hours at 60°C and for 24 hours at 20°C, de-stained and mounted in 60% acetic 
acid and examined at up to 1000x magnification. The sequence of stages of meiosis 
(Tommerup et al. 1974; Brasier & Sansome, 1975; Sansome, 1987; Brasier, 1992) were 
confirmed by a preliminary time course examination of gametangial development 
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fixed at daily intervals, and then stained to show nuclei. The vegetative nuclei of 
P. cinnamomi are probably mostly diploid (Brasier & Sansome, 1975) and therefore, the 
post-meiotic nuclei are designated as haploid and the fusion nuclei as diploid (Brasier, 
1992). 
 
3.4 Results 
Diameters of antheridia, oogonia and oospores for the nine WA pairings ranged from 
14.9–15.7  µm, 34.5–39.8  µm and 28.3–33.4  µm, respectively. The presence of 
paragynous antheridia did not change the size range of the three characters. Oospores 
formed in all pairings of these, the 11 Australian-wide and the 14 PNG isolates were 
plerotic, whether antheridia were amphigynous-only or a combination of amphigynous 
and paragynous. In all pairings, 93–98% of gametangia formed on the A1 side of the 
zone where the two colonies met. 
All oogonia examined had amphigynous antheridia that enveloped the oogonial 
stalk (Figure 3.1). No oogonia had only paragynous antheridia. In seven of nine WA 
pairings, 3–10% of oogonia had paragynous and amphigynous antheridia (Figure 3.2). 
Of these pairings, five had oogonia with multiple (2–13) paragynous antheridia. In the 
26 Australian-wide and PNG pairings, all had some oogonia with paragynous and 
amphigynous antheridia. However, most had fewer than 0.5% with two pairings having 
more than 5% with paragynous antheridia (Figure 3.2). The proportions of oogonia with 
paragynous antheridia from the nine WA pairings are consistent with this data as in 
some of the 26 pairings more than 300 oospores had to be examined before a 
paragynous antheridium was found. Two different A1 isolates and two different A2 
isolates were involved in the two pairings having about 35% of paragynous antheridia 
(Figure 3.2). Those isolates in other pairing combinations had less than 5% paragynous 
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least 13 (Figures 3.1a–c and f–h) and in extreme cases they completely obscured the 
oogonium. Meiosis occurred in both types of antheridia and oogonia in all pairings. 
Paragynous antheridia formed in association with young oogonia in which meiosis had 
just commenced (Figure  3.1a) and occasionally they continued to develop after 
fertilisation was completed (Figure 3.1g). 
The earliest paragynous interaction observed was at the stage when the 
amphigynous antheridium diameter was equivalent to that of the oogonium. When 
paragynous antheridia adhered to the expanding oogonial wall at this early stage, the 
meiotic division was synchronous in both antheridial types and almost synchronous 
with that in the oogonium (Figure 3.1a). Meiosis in paragynous antheridia sometimes 
preceded that in the amphigynous antheridia (Figure 3.1b). After meiosis had occurred 
in an oogonium, all except one nucleus appeared to migrate to the periphery 
(Figure 3.1b). When nuclei were evident around the periphery of the oogonium, a single 
nucleus remained in the centre suggesting that the oosphere was delimited by a 
membrane or a very thin wall at that stage and that it developed where the outer oospore 
layer would form later. When oogonia were at this stage, fertilisation tubes were in the 
process of developing from antheridia (Figure 3.1e). Fertilisation tubes developed prior 
to the oospore wall being obvious and the wall of the fertilisation tube was very thin 
when first visible at 1000x magnification. They were 2–7 µm long for paragynous and 
5–15 µm for amphigynous antheridia. Fertilisation tubes from amphigynous antheridia 
had one to three nuclei and only one nucleus was seen from paragynous antheridia. 
Only one fertilisation tube was observed per antheridium. 
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Figure 3.1 Developmental sequence of paragynous and amphigynous antheridia of 
Phytophthora cinnamomi.  a, b, d and e, Fixed and stained in orcein. c, Fixed and 
stained in trypan blue. f–h, Living gametangia. A  =  amphigynous antheridium, 
D = diploid fusion nucleus, F  =  fertilisation tube,  H = haploid  nuclei,  M = meiotic 
nucleus, N  =  non-functional paragynous antheridium, P  =  paragynous antheridium, 
W = oospore wall. a, Adherence of paragynous antheridium to oogonial wall and near 
synchronous meiosis in nuclei at prophase  I. b, Haploid nuclei moving towards 
periphery leaving one nucleus (arrowhead) in the centre of the oogonium and in the 
paragynous antheridium and meiotic nuclei in the amphigynous antheridium (nuclei in 
anaphase 1). c, Developing fertilisation tubes from an amphigynous and a paragynous 
antheridium. d, Near synchronous meiosis in an amphigynous-only association showing 
haploid nuclei. e, Amphigynous-only association with fertilisation tube, a diploid fusion 
nucleus and peripheral haploid nuclei. f, Multiple paragynous antheridia one of which 
may have contributed a nucleus to fertilise the oosphere. g, Thirteen paragynous 
antheridia which formed post-fertilisation and appeared not to have participated in 
fertilisation. h, Synchronous development of paragynous and amphigynous antheridia 
indicated by practically acytoplasmic antheridia. Note the developing oospore wall and 
fertilisation tube from the paragynous antheridia. Bar = 20 µm. 
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Figure 3.2  Frequency distribution of the percentage of oogonia with both paragynous and 
amphigynous antheridia for 43 pairs of isolates of Phytophthora cinnamomi from Western 
Australia  ( ), Australian-wide ( ) and Papua New Guinea ( ) collections. Note that oogonia 
with only paragynous antheridia have not been found. 
 
 
After fertilisation tube development, only two nuclei were evident in the oosphere 
indicating that the nucleus of only one antheridium fertilised the oosphere in single or 
multiple antheridial interactions. Moreover, only one nucleus from multinucleate 
fertilisation tubes entered the oosphere. It appeared that those paragynous antheridia 
where meiosis and the fertilisation tube developed synchronously with the amphigynous 
antheridium had an equal chance of fertilising the oosphere (Figures 3.1a, b and f). 
However, when meiosis in the paragynous antheridium lagged behind that of the 
amphigynous antheridium and the oogonium, fertilisation by a nucleus from a 
paragynous antheridium probably did not occur (Figure  3.1g). The fertilisation tube 
appeared to either not complete development or to remain external to the developing 
oospore wall whether there were zero or many paragynous antheridia (Figures 3.1a, b 
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the same as in amphigynous fertilised ones. 
Asynchrony in meiosis among gametangia may have contributed to oosphere or 
oospore abortion.  Fertilisation appeared to fail when meiosis in the two types of 
gametangia was asynchronous i.e. haploid nuclei in one gametangium and diploid in the 
other. The cytological evidence for failure of fertilisation was that firstly, the oogonial 
cytoplasm had ‘oil’ globules when its meiosis was later than that of the antheridium i.e. 
early prophase nuclei in the oogonium and haploid in the antheridium. These large ‘oil’ 
globules were not present in synchronised associations. Secondly, when meiosis in the 
antheridium was behind that of the oogonium i.e. haploid nuclei in the oogonium and 
early prophase in the antheridium, an oospore wall was evident prior to meiosis in the 
antheridium. Such behaviour was associated with ‘oospores’ in which the cytoplasm 
was autolysing. They may have been the oospores seen in living material that became 
acytoplasmic when the cytoplasm lysed. Oospores with thinner walls developed in 
many aborting oogonia. Thirdly, when oogonial meiosis preceded that of the antheridia 
by an even longer time, the oogonial cytoplasm appeared to have begun autolysing at 
the time when prophase was beginning in the antheridia. They may have been some of 
the oogonia that in living cultures were observed to autolyse and not develop oospores. 
These three types of developmental failure occurred at all stages in paired colony 
interactions from 7–28 days. In the 26 pairings, abortion was 0.01–0.8% when it was 
measured as equal to 50–100% degradation of oospore or oogonial cytoplasm. 
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This is the first known report of the occurrence of single or multiple paragynous 
antheridia in P. cinnamomi. Additionally, it is, to my knowledge, the first record of a 
heterothallic species of Phytophthora having both paragynous and amphigynous 
antheridia associated with an oogonium. The only other example of this gametangial 
behaviour in Phytophthora is in P. hibernalis and P. porri, both homothallic species 
(Waterhouse, 1970; Ho, 1981; Gerrettson-Cornell, 1989). Phytophthora porri appears to 
be the only other species reported to have multiple paragynous antheridia, but it is not 
recorded as having the large numbers that have developed for P. cinnamomi.  
The capacity to form paragynous antheridia is widespread in Australian 
P. cinnamomi isolates as 94% of pairings had paragynous antheridia and they involved 
five A1 and 16 A2 isolates. Paragynous antheridia also formed in the eight PNG 
matings and were observed for a collection of worldwide isolates (Chapter 2). Paragyny 
has now also been observed in two independent laboratories using Victorian (R. Daniel, 
pers. comm. 2001) and Australian, American, European, PNG and South African 
(I. C. Tommerup, pers. comm. 1998) isolates. These findings suggest that the capacity 
to form paragynous antheridia was ‘switched’ off in most sexual interactions as overall 
2.4% of oogonia had paragynous antheridia and most interactions had fewer than 0.5%. 
Such ‘switchable’ characters are important to understanding morphogenetic variability, 
to complete taxonomic descriptions and in descriptions of the whole oomycete used for 
isolate identification. Switchable characters are not of value to systematics when their 
expression is as low as in this case. Some taxonomic issues were addressed in 
Chapter 2. This study has shown that paragynous antheridia are by no means restricted 
to attaching near the base of the oogonium as Hemmes (1983) found for other 
Phytophthora species. The results imply that the site of adherence on the oogonium 
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factor that governs this as discussed below. 
There are three possible combinations of gametangia for oospore development in 
P. cinnamomi in paired A1 and A2 cultures; an A1 oogonium and A2 antheridium, A1 
antheridium and A2 oogonium, A2 antheridium and A2 oogonium (Brasier, 1975; 
Brasier & Sansome, 1975; Zentmyer, 1979). There was no evidence that paragynous 
antheridia were derived from only A1 or A2 isolates. Count data from pairings suggest 
that the incidence of paragynous antheridia was the result of an interaction between 
isolates. No one isolate was more likely than any other to be involved in interactions 
producing paragynous antheridia. 
 No multiple oospores were observed and all other evidence indicated that only 
one antheridium was involved in fertilisation of an oosphere. Oospore ontogeny 
indicated that one antheridial and one oogonial nucleus were involved in oospore 
development although, more than one nucleus was present in some fertilisation tubes 
and more than one fertilisation tube penetrated some oogonia. Other investigations of 
oospore development in Phytophthora also have indicated that two nuclei capable of 
fusion are required for functional oospore development (Brasier & Sansome, 1975; 
Brasier & Brasier, 1978; Jiang et al., 1989). Pre-zygotic nuclei are usually haploid but 
this needs to be confirmed by unequivocal genetic analysis (Shaw, 1991; Brasier, 1992). 
Gametangial pre-meiotic or post-zygotic nuclei are mostly diploid although partial 
polyploids and polyploids have been identified in Phytophthora (Brasier & Sansome, 
1975; Sansome, 1987; Shaw, 1991; Brasier, 1992). Oospores with more than two pre-
zygotic nuclei appear unable to germinate and therefore are non-functional propagules 
(Jiang et al., 1989). In the current study, entry of other nuclei once fertilisation had 
occurred appeared to be prevented by some mechanism possibly controlled by the 
fertilised oosphere or oogonium. This would explain why fertilisation did not occur in 
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developing although, the oospore wall was sometimes still very thin. 
Either an amphigynous or a paragynous antheridial nucleus was transferred to an 
oosphere. When development of both antheridia was synchronous, they had an equal 
chance of success. The timing in antheridial development and oogonial receptiveness 
may be important in oosphere fertilisation and the same factors may determine which 
type of antheridium contributed a nucleus. At the light microscope level, oospores 
apparently resulting from fertilisation by a nucleus from a paragynous antheridium were 
indistinguishable from apparently viable ones formed in amphigynous associations. 
Moreover, preliminary experiments show that oospores from paragynous associations 
can germinate (Tommerup & Catchpole, unpublished data). Abortion of oospores and 
oogonia was associated with asynchrony in gametangial meiosis. However, these 
phenotypes may also be caused by other, as yet unidentified, lethal factors.  
Whether oospores are a product of selfing or hybridisation needs to be confirmed 
by analysis of F1 populations using diagnostic genetic markers such as DNA markers 
that are being identified in P. cinnamomi (Tommerup, 1995; Dobrowolski et al., 1996). 
If selfing occurs, then paragyny may be a mechanism of sex among A2 isolates in the 
forest. Selfing and segregation would provide one explanation of the variation in 
morphology and pathogenicity phenotypes observed in the current study with 73 A2 
isolates of one clonal lineage (Chapter 2) and in other localised populations from south 
eastern Australia (K.  M. Old & M.  J. Dudzinski, pers. comm.; Tommerup, 1995; 
Dobrowolski et al., 1996). 
It has been suggested that amphigyny plays some role in heterothallism since 
heterothallic species of Phytophthora are predominately amphigynous (Brasier, 1983). 
Amphigyny may be a mechanism to facilitate outbreeding of two potentially 
antagonistic individuals or it may be that it is efficient and has therefore been reinforced 
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interactions in vivo. Heterothallic downy mildew fungi have paragynous antheridia, but 
they reproduce only in plant tissue (Tommerup, 1981). The discovery of paragyny in 
Australian, PNG and worldwide isolates (Figure  3.2, Table  2.4,) indicates it is a 
widespread character in P. cinnamomi and it was observed in a range of other clonal 
lineages or isozyme/electrophoretic types.  
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  684.1 Chapter abstract 
Survival of 1.5-year-old plants of three clonal lines of Eucalyptus marginata (jarrah), 
two ranked as resistant (RR1 and RR5) and one as susceptible (SS2) to Phytophthora 
cinnamomi, was assessed after pathogen inoculation with either mycelial-mats 
underbark or zoospores on the stem. Plants were grown at 15, 20, 25 and 30°C. Method 
of inoculation did not produce comparable mortalities of the clonal lines, particularly at 
25 and 30°C. At these temperatures, all three clonal lines had 100% mortality when 
inoculated underbark, but when inoculated with zoospores, RR1 had 60% survival and 
lines SS2 and RR5 had 100% mortality. Generally, the level of resistance of all clonal 
lines declined with increasing temperature. RR5 had consistently higher mortality than 
SS2, and is therefore not considered resistant. Lesion development was also measured in 
detached branches of RR1 and a susceptible clonal line (SS1) each inoculated underbark 
with four different P. cinnamomi isolates. Branches were assessed for lesion 
development at 20, 25 and 30°C for 4 days. For all four isolates, detached branches of 
RR1 generally had smaller lesions than those of SS1, particularly at 30°C. The increase 
in lesion length with increasing temperature was greatest for SS1. Detached branches 
may have potential in screening for jarrah resistant to P. cinnamomi and allows 
identification of susceptible clonal lines at 30°C. 
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Much of the Eucalyptus marginata (jarrah) forest infested with Phytophthora 
cinnamomi contains bauxite ore bodies, some of which are mined by Alcoa World 
Alumina Australia. With the availability of resistant clonal lines of jarrah, minesites and 
other areas degraded by P. cinnamomi  can be rehabilitated to re-establish jarrah in 
severely damaged communities. The processes of mining and rehabilitation results in a 
substantial change to the jarrah forest soil, which alters the P. cinnamomi disease 
interaction compared to that observed in the adjacent jarrah forest (Colquhoun & Hardy, 
2000). For example, after heavy rainfall events, the riplines that are produced to 
encourage better water drainage and reduce erosion, can become lined with fine clay 
particles that often result in surface water ponding due to poor drainage (Hardy et al., 
1996; O’Gara et al., 1996). Ponded riplines were often associated with invasion of 
jarrah collars or stems by P. cinnamomi (Hardy et al., 1996). Stems may also be 
infected in jarrah forest areas with impeded drainage during winter (O’Gara et al., 
1996). O’Gara et al. (1996, 1997) demonstrated that zoospores of P. cinnamomi were 
able to penetrate the stem periderm of jarrah seedlings both in a glasshouse and in the 
forest.  
Many pathogenicity studies with Australian indigenous plant species comparing 
underbark stem inoculations with soil inoculations have reported on the similarity of 
disease induced in the host regardless of the inoculation method used (Dixon et al., 
1984; McCredie et al., 1985; Dudzinski et al., 1993; Stukely & Crane, 1994). They all 
concluded that stem inoculations were a legitimate test for screening plant species for 
resistance to P. cinnamomi. The resistance rankings of jarrah clonal lines, designated as 
resistant (RR; resistant lines from resistant families) or susceptible (SS; susceptible lines 
from susceptible families) by stem inoculations (McComb et al., 1990, 1994; Stukely & 
Crane, 1994), did not change when the white roots of 10-month-old plants were 
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resistance rankings of the clonal lines would change when stems or collars are infected 
by zoospores, such as in rehabilitated minesites. Underbark inoculations of stems, as 
used for the initial screening of seedlings for resistance to P. cinnamomi, has not been 
conducted on the jarrah clonal lines. 
As with most plant pathogens, temperature plays an important role in the growth 
(Shepherd & Pratt, 1974; Zentmyer et al., 1976; Chapter 2), reproduction (Zentmyer 
et al., 1979), survival and pathogenesis (Shea, 1975; Shearer & Tippett, 1989) of 
P. cinnamomi. During the early stages of minesite rehabilitation, seedlings are exposed 
to increased temperature and moisture compared to adjacent forest sites due to the 
absence of canopy protection (Stoneman et al., 1995). Of further concern, is the 
prediction that Australian summers may become warmer and wetter due to the 
greenhouse effect (Chakraborty et al., 1998). These are ideal conditions for 
P. cinnamomi to cause disease. It has been shown that lesions increased with increasing 
temperature within the range of 10 to 30°C for inoculations of seedling roots and 
excised roots of jarrah trees (Grant & Byrt, 1984; Shearer et al., 1987 b). To date, the 
effect of temperature on host-pathogen interactions in jarrah clonal lines selected for 
resistance to P. cinnamomi has not been assessed. Therefore, it is not known if the 
clonal lines are also resistant under conditions that are more favourable to disease.  
In this Chapter, the disease progression and temperature interactions in RR and SS 
clonal lines of jarrah inoculated with P. cinnamomi using the zoospore inoculation 
technique developed by O’Gara et al. (1996) and an underbark technique are compared 
and contrasted. Also, whether detached branches could be used as a rapid bioassay to 
evaluate the effect of temperature on disease development in clonal lines is examined. 
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4.3.1 Experimental design    
Three inoculation experiments with P. cinnamomi were conducted using clonal lines of 
jarrah growing at different temperatures. In Experiments 4.1 and 4.2, three clonal lines 
(two RR and one SS) were grown at four temperatures and plants were either inoculated 
with mycelial-mats underbark (Experiment 4.1) or with zoospores (Experiment 4.2) of 
one isolate of P. cinnamomi. Experiments 4.1 and 4.2 were not run concurrently. Plants 
in Experiments 4.1 and 4.2 were randomised in a complete block design within four 
temperature-controlled environment cabinets (Environ Air EA7BH; SRG Cabinet Sales, 
Greenacre, NSW, Australia) at 15±2, 20±3, 25±1 and 30±3°C. For both experiments, 
each of the four cabinets contained a total of 36 plants, with ten inoculated and two 
control plants for each clonal line. In zoospore inoculations, there were 7 and 8 
inoculated plants for RR5 at 15–25°C and 30°C, respectively, while for the remaining 
treatments, 10 inoculated plants were used. In Experiment 4.3, detached branches of two 
clonal lines (one RR and one SS) of jarrah were underbark inoculated with mycelial-
mats of four isolates of P. cinnamomi and incubated at 20±1, 25±1 and 30±1°C. There 
were 12 inoculated replicate branches and two controls per treatment. A preliminary 
experiment with detached branches found that at 15°C no lesions were formed after 
4  days and the extension beyond the visible lesion (EBL) was less than 0.5  cm. 
Consequently, this temperature was not included in the experiment. 
 
4.3.2 Experiments 4.1 and 4.2: Effect of temperature and inoculation method on 
disease  
4.3.2.1 Plant material and growth conditions 
Clonal lines of jarrah, previously ranked as RR or SS to P. cinnamomi (McComb et al., 
1990), were supplied by the Marrinup Nursery (Alcoa World Alumina Australia, 
Chapter 4: Temperature and inoculation method influence disease phenotypes and mortality of Eucalyptus marginata  
clonal lines inoculated with Phytophthora cinnamomi  72Pinjarra, WA). Three clonal lines [1J30 (RR1), 121E47 (RR5) and 11J402 (SS2)] of 
1-year-old jarrah were potted and grown in a glasshouse as described in Chapter 2, 
4 months prior to inoculation. All lateral shoots were pruned and lateral buds were 
regularly removed to encourage the growth of single stemmed plants with no side 
branches. 
Forty-eight near uniform plants per clonal line were selected for each experiment 
and  different sized plants were distributed evenly among the four cabinets. In 
Experiment 4.1, the heights of the plants ranged from 37 to 42 cm with maximum stem 
diameters of 3.4 to 3.7 mm. In Experiment 4.2, plants had heights ranging from 54 to 
71 cm and maximum stem diameters of 3.7 to 5.1 mm. The cabinets were set at 600–
800 μEinsteins s
-1m
-2 of irradiance on a day/night cycle of 14.5/9.5 hours. All plants 
were acclimatised for 1 week prior to inoculation. The plants at 15 and 20°C were hand 
watered daily to free draining and the plants at 25 and 30°C were watered twice daily 
due to rapid evaporation.  
 
4.3.2.2 Inoculum production and inoculation 
The isolate MP94-48 of P. cinnamomi was passaged through a jarrah seedling 3 weeks 
prior to inoculation to ensure that the isolate had not lost its pathogenicity as a result of 
prolonged subculturing (Erwin & Ribeiro, 1996). Stems of plants in Experiment 4.1 
were underbark inoculated 5 cm from the soil surface with 1 cm diameter mycelial-
mats, which were colonised Miracloth (Calbiochem Corporation, La Jolla, CA, USA) 
discs, using the methods of Chapter  2.3.5.2. Controls were inoculated with sterile 
Miracloth discs. The plant tissue in contact with the inoculum disc is referred to as the 
site of inoculation (SOI) for all underbark inoculations. In Experiment  4.2, 2  weeks 
prior to moving the plants into the growth cabinets, a watertight inoculum-receptacle 
was constructed, as described by O’Gara et al. (1996), around the suberised stems 
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in the lower 10 cm portion of all stems by lightly sanding with fine sandpaper 2 weeks 
prior to receptacle construction (Burgess et al., 1999 b). Sterile deionised water was 
placed into the receptacles 24 hours prior to inoculation to soak the stems and removed 
2 hours before inoculation.  
 
 
 
 
Figure 4.1 A watertight inoculum-receptacle around the suberised stems about 5 cm 
from the soil surface, containing Phytophthora cinnamomi zoospore suspension. 
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O’Gara  et al. (1997). A 30  mL zoospore suspension (about 5200 zoospores/mL) or 
deionised water (controls) was carefully poured into each receptacle. This volume 
ensured that at least 1  cm of the exposed stem was immersed in the zoospore 
suspension; this is referred to as the region of inoculation (ROI). The volume of 
receptacles at 25 and 30°C was re-filled every second day due to high evaporation rates. 
After 6 days of exposure to the zoospore suspension or deionised water, the solutions 
and then the receptacles were carefully removed to prevent zoospores entering the soil. 
 
4.3.2.3 Monitoring plant symptoms 
The number of days taken for plants to reach irreversible wilting and death was 
recorded in both experiments. Irreversible wilting was when the plant shoot had wilted 
and was unable to recover turgidity, and death as when all leaves were crisp and dry. At 
death, plants were harvested and stem sections plated onto NARPH (Appendix 1), an 
agar selective for Phytophthora, to confirm the presence of P. cinnamomi. In 
Experiment 4.1, the longitudinal acropetal lesion on the stem was measured from the 
mid-SOI and circumferential spread (°) of lesions at the SOI was estimated. These were 
measured 3, 7, 11, 17, 27, 35, 46 and 63 days after inoculation for all treatments, with 
additional measurements made at 5 and 10 days after inoculation for plants at 25 and 
30°C. Basipetal lesions were not measured. Longitudinal lesions will henceforth be 
referred to as ‘lesions’, and the circumferential spread of lesions (also known as 
tangential spread) as ‘circumferential spread’. 
For Experiment  4.1, leaf stomatal conductance was measured for one fully 
expanded leaf per plant throughout the experiment using a Delta-T porometer Model 
AP4 (Delta T Devices Ltd., Burnwell, Cambridge, England). Porometer measurements 
of all plants were taken 1 day after inoculation and then at weekly intervals until the 
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measurements, therefore, the data is presented as a percentage difference compared with 
the control plants. 
 
4.3.2.4 Harvest of surviving plants 
Surviving plants in Experiments 4.1 and 4.2 were harvested 105 and 86 days after 
inoculation, respectively. Prior to harvest, all acropetal lesions were measured and 
circumferential spread estimated as for dying plants. In Experiment 4.1, stems were cut 
into ten 0.5 cm acropetal sections from the lesion margin. Stem sections were then cut 
longitudinally and plated, cut surface face down, sequentially onto NARPH. The 
remaining piece of stem was stored at 10°C for 4–7 days, and additional stem sections 
were plated if the original plating yielded P. cinnamomi from all ten sections. In 
Experiment  4.2, stems were cut into 1  cm acropetal sections as opposed to 0.5  cm 
sections used for Experiment 4.1. The reason for this was that plants in Experiment 4.2 
did not have lesions and therefore, a larger portion of the stem was plated to determine 
if and how far the pathogen had progressed. Seven acropetal stem sections were cut 
from beyond the ROI.  
Growth of the pathogen from stem pieces was assessed after 3 and 5 days 
incubation at 24°C. The total number of stem sections from which P. cinnamomi was 
recovered was used to determine the length of extension beyond the lesion (EBL) or 
beyond the ROI/SOI in the absence of lesions. Colonisation refers to the total 
longitudinal length of stem invaded by the pathogen, which in lesioned stems included 
the lesion and EBL, while in stems without lesions consisted only of the extension 
beyond the ROI/SOI. 
 
Chapter 4: Temperature and inoculation method influence disease phenotypes and mortality of Eucalyptus marginata  
clonal lines inoculated with Phytophthora cinnamomi  764.3.3 Experiment 4.3: Effect of temperature on lesion development in detached 
branches 
4.3.3.1 Isolates 
Four isolates of P. cinnamomi were selected based on results of a rehabilitated forest 
minesite inoculation which examined the capacity of ten isolates to form lesions in 
intact lateral branches of RR1 (Hüberli, 1995). MP94-48 produced large lesions, MP116 
produced medium lesions, and MP94-09 and MP112 produced small lesions. All 
isolates were of A2 mating type and from the same clonal lineage. Details of isolation 
and maintenance of cultures have been described previously (Chapter 2.3.1). 
 
4.3.3.2 Plant material 
Approximately 1-year-old green branches between 0.8–1.5  cm in diameter were 
collected in June (early winter) from 4-year-old jarrah trees of clonal lines RR1 and 
11J379 (SS1). The clonal lines were growing on a rehabilitated bauxite pit at the 
Willowdale minesite (116°2'E, 32°55'S) of Alcoa World Alumina Australia, located 
110 km south of Perth, Western Australia. Branches were cut into approximately 60 cm 
lengths, placed into moist hessian bags in insulated iceboxes, transported to the 
laboratory, and inoculated within 6–12 hours of the harvest. 
 
4.3.3.3 Inoculum production and inoculation 
Branches were trimmed into 20 cm sections and the side shoots and leaf nodes were 
trimmed as close to the branch as possible. Once cut, branch ends were immediately 
dipped into melted wax in order to minimise desiccation. Prior to inoculation, the 
branches were surface-decontaminated with 70% ethanol. Branches were inoculated 
with mycelial-mats underbark, as in Experiment 4.1, at the mid-region of each branch 
and the wound sealed with Parafilm (American National Can, Chicago, USA) to prevent 
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incubated in the dark at 20, 25 and 30°C in humid chambers to prevent further 
desiccation. The chambers were disinfected plastic trays (39 x 27 x 6 cm) lined with 
moist paper towels, and sealed in plastic bags. For each clonal line, twelve replicate 
branches per isolate and two controls were randomly allocated to each temperature 
treatment. 
 
4.3.3.4 Lesion and colonisation assessment 
The total length of the lesion extending above and below the SOI was measured at 2, 3 
and 4 days after inoculation. After each measurement, a random sample of four 
branches per isolate and two controls for each temperature were cut into 0.5  cm 
sections, plated onto NARPH and colonisation determined as described for 
Experiment 4.1.  
 
4.3.4 Statistical analysis 
Following Tabachnick & Fidell (1996), data for parametric tests were screened for 
assumptions of homoscedasity, normality and non-correlations of means and variances. 
The means of time to death for each treatment in Experiments  4.1 and 4.2 were 
subjected to analysis of variance (ANOVA). Means were taken because the individual 
samples within each growth cabinet are not truly independent replicates, so the data 
form a non-replicated experimental design with the growth cabinets as the experimental 
units (Milliken & Johnson, 1989). Those plants that survived the treatments to 105 
(Experiment 4.1) and 86 (Experiment 4.2) days post-inoculation were given that score. 
To analyse the non-replicated cabinet treatments, the error term of the three-way 
interaction (clonal line x temperature x inoculation method) was used for testing the 
significance of all lower order interactions and main effects. The highest order 
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were not used as covariates as they did not correlate with survival data of all the 
treatments, with the exception of one treatment (SS2 inoculated with zoospores at 
20°C). In Experiment 4.3, the mean lesion lengths were subjected to ANOVA with time 
of lesion measurement (days 2, 3 and 4) as repeated measures factors using the same 
approach as for Experiments 4.1 and 4.2. All significant main effects and interactions 
for the two ANOVAs were compared using the Least Significant Difference (LSD) test 
(P = 0.05). Given that the overall design was not replicated, an ANOVA was specified 
for the effect or interaction of interest and the LSD test conducted within that. For 
Experiment 4.3, post hoc tests could not be performed for interactions with the factor 
time because it involves a repeated measures term and a normal fixed factor. There are 
no agreed protocols for post hoc tests in such circumstances. Pearson’s correlation 
coefficients for different variables were calculated. 
 
4.4 Results 
4.4.1 Experiments 4.1 and 4.2: Effect of temperature and inoculation method on 
disease  
4.4.1.1 Survival 
The clonal line and temperature main effects were highly significant and no interactions 
were significant (Table 4.1). The LSD test for the factor clonal line, failed to show 
which of the lines were significantly different at the conventional P < 0.05 (RR1 vs. 
RR5 P = 0.07, RR1 vs. SS2 P = 0.17, RR5 vs. SS2 P = 0.62). From these P-values and 
the lower overall mortalities of RR1 (Figure 4.2), it seems that the most likely cause of 
the significant clonal line effect are the differences between RR1 and RR5, closely 
followed by RR1 and SS2.  
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RR1, RR5 and SS2 stem inoculated with either mycelial-mats underbark or with 
zoospores of Phytophthora cinnamomi isolate MP94-48 in growth cabinets at 15, 20, 25 
and 30°C. The MS error term used was from the three way interaction of clonal line x 
temperature x inoculation method. Clonal lines RR1 and RR5 are classified as resistant 
to P. cinnamomi, and clonal line SS1 as susceptible by McComb et al. (1990). 
 
Effect df  F  P-value 
Clonal line  2, 6 16.04  0.004
a
Temperature 3,  6 45.20  0.0002
a
Inoculation method  1, 6 0.64  0.45 
Clonal line x Temperature  6, 6 1.20  0.42 
Clonal line x Inoculation method  2, 6 4.90  0.06 
Temperature x Inoculation method  3, 6 3.13  0.11 
  a Significant interaction at α = 0.05. 
 
 
At 25 and 30°C, all plants of the three clonal lines died within 13 days when 
inoculated underbark, while all plants of RR5 and SS2 died within 11 days when 
inoculated with zoospores. At these temperatures, however, RR1 had 60% survival 
when inoculated with zoospores (Figure 4.2). Additionally, RR1 had 90% and 100% 
survival at 20°C when inoculated underbark and with zoospores, respectively. For these 
treatments, RR5 and SS2 had less than 40% survival, with RR5 always having two 
more deaths than SS2. At 15°C, mortality of underbark inoculated RR1 were initially 
lower compared to RR5 and SS2, although by 105 days RR1 had reached 40% mortality 
as had SS2. At 15°C, RR1 and SS2 inoculated with zoospores had 100% survival, while 
RR5 had 40% mortality. 
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Figure 4.2 Effect of temperature on death of Eucalyptus marginata clonal lines RR1 
( ), RR5 (∆) and SS2 ( ) stem inoculated with either mycelial-mats underbark or 
zoospores of Phytophthora cinnamomi isolate MP94-48. Clonal lines RR1 and RR5 are 
classified as resistant to P. cinnamomi, and clonal line SS2 as susceptible by McComb 
et al. (1990). Ten plants per clonal line at each temperature were inoculated, with the 
exception of RR5 inoculated with zoospores where 7 and 8 plants were used at 15–25°C 
and 30°C, respectively. 
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and at 25 and 30°C (P  =  0.80). However, time to death at 15 and 20°C were 
significantly higher than at 25 and 30°C (P  <  0.001). This highlights the marked 
increase in mortality between 20 and 25°C for both inoculation methods (Figure 4.2). 
Recovery of P. cinnamomi from dying and surviving plants inoculated underbark 
was 75% or higher (Table  4.2). Plants inoculated with zoospores had recoveries 
comparable to underbark inoculations, with the exception of dying RR5 and surviving 
RR1 from which P. cinnamomi was isolated at less than 50% (Table 4.2). It is unlikely 
that these exceptions were ‘inoculation escapees’ as inoculations were completely 
randomised and the remaining zoospore inoculated treatments had relatively high 
recoveries (Table 4.2).  
Mean colonisation of stems of surviving plants at 15 and 20°C was up to 14 times 
longer in plants inoculated underbark than those inoculated with zoospores (Table 4.2). 
Surviving plants inoculated with zoospores were symptomless, while those inoculated 
underbark had lesions. In the latter plants, lesions corresponded with colonisation of the 
pathogen in the stem. In zoospore inoculated plants, the pathogen was recovered up to 
5  cm from the ROI. Control plants survived all treatments, were symptomless and 
P. cinnamomi was never isolated. 
Days elapsed to irreversible wilt and death of plants were highly correlated for 
both underbark and zoospore inoculated experiments (r = 0.99,  P < 0.01).  Plants 
expressing irreversible wilt died on average 1–4 (Experiment  4.1) and 2–6 
(Experiment 4.2) days later. Consequently, only data for mortality are presented.  
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resistant (RR; McComb et al. 1990) and susceptible (SS) clonal lines of Eucalyptus 
marginata (jarrah) stem inoculated with either mycelial-mats underbark or zoospores of 
isolate MP94-48 in growth cabinets at different temperatures. Surviving plants were 
harvested 105 (mycelial-mats underbark inoculation) and 86 (zoospore inoculation) 
days after inoculation. 
 
Dying plants  Surviving plants 
Inoculation 
Temp. 
(°C) 
Clonal 
line of 
jarrah 
Isolation of 
P. cinnamomi 
from stem (%)
Isolation of 
P. cinnamomi 
from stem (%) 
Mean 
colonisation 
length (cm)
a
Mycelial- 15  RR1  100   100  4
mats     RR5  100 100 3
underbark   SS2  100 100 3
 20  RR1  100 100 9
   RR5  75 100 9
   SS2  83 100 14
 25  RR1  90   —
c —
c
   RR5  100   —  — 
   SS2  90   —  — 
 30  RR1  100   —  — 
   RR5  100   —  — 
   SS2  100   —  — 
              
Zoospores 15  RR1  —
b 20 0.5 
   RR5  67 75 0.5 
   SS2  — 70 2.0 
 20  RR1  — 20 2.0 
   RR5  83 100 1.0 
   SS2  83 50 0
 25  RR1  100 50 1.0 
   RR5  29 —  —
   SS2  90 — —
 30  RR1  75 17 1.0 
— —    RR5  50
   SS2  70 — —
a Colonisation length determined by plating 0.5 cm (mycelial-mat underbark 
inoculation) or 1 cm (zoospore inoculation) acropetal stem sections 
sequentially onto agar selective for Phytophthora from the site or region of 
inoculation.
  
b Denotes no dead plants within column.
  
c Denotes no surviving plants within column. 
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Lesions in all plants at 25 and 30°C were brown to black and continuous. At 15 and 
20°C, lesions were often difficult to identify as they were frequently discontinuous, with 
lesions breaking out at stem nodes beyond symptomless tissue. Some plants also formed 
lesions that were creamy to white and the margins of these lesions were hard to 
recognise. 
There was a strong positive correlation between lesion length and circumferential 
spread for dying plants at 15, 25 and 30°C (r > 0.72,  P < 0.001;  for  all  three 
temperatures) and surviving plants at 15°C (r = 0.86, P < 0.001). At 20°C, correlations 
were weak for dying (r = 0.5,  P  =  0.01) and surviving (r = 0.38,  P = 0.06)  plants. 
Mortality could not be correlated with lesion length or circumferential spread as they 
were measured on different days. However, rapid lesion development and 
circumferential spread was followed by a rise in mortality except at 20°C (Figures 4.2 
and 4.3). 
At 20°C, the lesion length of one RR1 plant progressed rapidly and was more than 
twice that of the other clonal lines after 7 days (Figure 4.3). Unlike lesion development, 
circumferential spread was contained at 180° for RR1 until 7 days, while for RR5 and 
SS2 it increased to more than 280°. At 11 days, one plant of RR1 was girdled and died 
2 days later (Figures 4.2 and 4.3). While lesion extension was low and contained at 
20°C for SS2, circumferential spread progressed as rapidly as RR5 (Figure 4.3). Lesion 
lengths in RR5 were more than double that of SS2 after 12 days. 
At 15°C, lesion development and circumferential spread of RR1 initially 
progressed slowly compared to RR5 and SS2 until 27 days (Figure 4.3). However, after 
27 days, lesion lengths increased by three-fold and circumferential spread almost 
doubled. This was associated with death at 38 days.  
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Figure 4.3 Effect of temperature on mean lesion length, circumferential spread and 
stomatal conductance of dying RR1 ( ), RR5 (∆) and SS2 ( ) clonal lines of 
Eucalyptus marginata underbark stem inoculated with mycelial-mats of Phytophthora 
cinnamomi isolate MP94-48. Clonal lines RR1 and RR5 are classified as resistant to 
P. cinnamomi, and clonal line SS2 as susceptible by McComb et al. (1990). Plants 
dying after 63 days were not included. At 15°C, n = 3 for RR1, n = 4 for RR5 and SS2; 
at 20°C, n = 1 for RR1, n = 6 for RR5, n = 5 for SS2; and at 25 and 30°C, n = 10 for all 
clonal lines. 
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conductance and death progressed rapidly at 25 and 30°C compared to 15 and 20°C for 
all clonal lines (Figures  4.2 and 4.3). No differences in disease phenotypes were 
observed among clonal lines. At 25°C, girdling occurred in all plants of the three clonal 
lines within 11 days after inoculation and at 30°C, it occurred by 5 days.  
For surviving plants, lesion lengths and circumferential spread were greater at 
20°C than at 15°C (Figure 4.4). At 15°C, disease phenotypes were similar for all clonal 
lines. At 20°C, lesions were more than three times larger in RR1 than in RR5 and SS2, 
but were contained after 35 days (Figure 4.4). However, lesions of RR5 and SS2 began 
to extend rapidly beyond 35 days. Girdling of the stem occurred for one plant of RR5 
after 63 days and two plants of RR1 after 35 days at 20°C. These plants still remained 
alive at 105 days after inoculation.  
Stomatal conductance was not a sensitive and reliable measure of plant stress as a 
result of disease impact under the cabinet conditions. Controls often had relatively high 
readings despite plants being non-infected and symptomless. A level of above 300% 
stomatal conductance indicated that death of the plant was imminent and was associated 
with irreversible wilting of the plant (Figure  4.3). Levels in surviving plants never 
reached 300% (Figure 4.4) as in dying plants (Figure 4.3), although RR5 plants were 
three- to seven-fold more stressed 101 days after inoculation than SS2 and RR1 plants, 
respectively (Figure  4.4). Stomatal conductance could not be correlated with other 
disease phenotypes as they were measured on different days. However, rises in 
mortality, lesion length and circumferential spread were reflected by rises in stomatal 
conductance (Figures 4.2–4.4). 
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Figure 4.4 Effect of temperature on mean lesion length, circumferential spread and 
stomatal conductance of surviving RR1 ( ), RR5 (∆) and SS2 ( ) clonal lines of 
Eucalyptus marginata underbark stem inoculated with mycelial-mats of Phytophthora 
cinnamomi isolate MP94-48. Clonal lines RR1 and RR5 are classified as resistant to 
P. cinnamomi, and clonal line SS2 as susceptible by McComb et al. (1990). Note that 
plants of all clonal lines were dead at 25 and 30°C. At 15°C, n = 6 for RR1 and SS2, 
n = 4 for RR5; and at 20°C, n = 9 for RR1, n = 2 for RR5, n = 4 for SS2. 
 
 
 
4.4.2 Experiment 4.3: Effect of temperature on lesion development in detached 
branches     
Main effects of clonal line, temperature and time, as well as the interactions clonal line 
x temperature and temperature x time were significant (Table 4.3). Isolates did not vary 
significantly (P = 0.08) in their capacity to form lesions.  
Overall, RR1 had consistently smaller lesions than SS1 (P < 0.001) (Figures 4.5 
and 4.6). At 30°C, the ranges in lesion length produced by the four isolates in RR1 and 
SS1 did not overlap as at 20 and 25°C. Lesion lengths increased with increasing 
temperature (20 vs. 25°C P  =  0.18, 25 vs. 30°C P  =  0.05, 20 vs. 30°C P = 0.002) 
(Figure 4.5) and increased with time after inoculation (P < 0.001, for all three times). 
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lesion lengths produced at different temperatures within a clonal line was observed 
4 days after inoculation. At 2 days, lesion lengths of all isolates were similar at different 
temperatures, especially for RR1. 
Lesion and colonisation lengths in detached branches were highly correlated 
(r > 0.88,  P < 0.001) at all three days of measurement. The EBL ranged from 5 to 
10 mm and, therefore, only lesion length data are presented. Control branches did not 
form lesions and P. cinnamomi was never isolated. 
 
Table 4.3 ANOVA of lesion lengths measured after 2, 3 and 4 days in detached 
branches of Eucalyptus marginata (jarrah) clonal lines RR1 and SS1 inoculated 
underbark with mycelial-mats of four isolates of Phytophthora cinnamomi and 
incubated in temperature controlled cabinets set at 20, 25 and 30°C. The MS error term 
used was from the three way interaction of clonal line x isolate x temperature. Clonal 
line RR1 is classified as resistant to P. cinnamomi, and clonal line SS1 as susceptible by 
McComb et al. (1990).  
 
Effect df  F  P-value 
Clonal line  1, 6  82.85  0.0001
a
Isolate 3,  6  3.78  0.08 
Temperature 2,  6  35.45 
a 0.0005
Time 2,  6  99.93  0.00002
a
Clonal line x Isolate  3, 6  0.40  0.76 
a Clonal line x Temperature  2, 6  7.75  0.02
Clonal line x Time  2, 6  2.51  0.16 
Isolate x Temperature  6, 6  1.09  0.46 
Isolate x Time  6, 6  0.46  0.82 
Temperature x Time  4, 6  6.80  0.02
a
Clonal line x Isolate x Time  6, 6  0.67  0.68 
Clonal line x Temperature x Time  4, 6  0.11  0.97 
Isolate x Temperature x Time  12, 6  0.32  0.96 
  a Significant interaction at α = 0.05.
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Figure 4.6 Effect of temperature on lesion length in detached branches of clonal lines 
RR1 and SS1 of Eucalyptus marginata inoculated with mycelial-mats underbark of 
isolates MP94-09 ( ), MP94-48 ( ), MP112 ( ) and MP116 (∆) of Phytophthora 
cinnamomi. Clonal line RR1 is classified as resistant to P. cinnamomi, and clonal line 
SS1 as susceptible by McComb et al. (1990). Four inoculated branches per clonal line at 
each temperature were measured per day. 
 
 
Chapter 4: Temperature and inoculation method influence disease phenotypes and mortality of Eucalyptus marginata  
clonal lines inoculated with Phytophthora cinnamomi  904.5 Discussion 
This is the first report for jarrah clonal lines to show that mortality and other disease 
phenotypes are influenced by temperature and inoculation method. These findings 
supersede the previous statement from preliminary results that resistance ratings were 
equivalent regardless of whether plants were inoculated underbark or with zoospores 
(Colquhoun & Hardy, 2000). The clonal lines used in the current study have previously 
been selected for resistance or susceptibility using other isolates of P. cinnamomi in 
underbark inoculations in a glasshouse and in soil inoculations in the field (McComb 
et al., 1990; Stukely & Crane, 1994). I have shown that a resistant clonal line may 
succumb to a P. cinnamomi isolate if environmental conditions favour disease 
development. 
My inoculations were carried out under different environmental conditions and 
with a different isolate of P. cinnamomi to that originally used to screen the individual 
seedlings from which the clonal lines were derived (McComb et al., 1990; Stukely & 
Crane, 1994). Australian isolates were found to vary in their capacity to cause disease in 
these clonal lines subsequent to the commencement on clonal line selections (Chapter 2; 
Dudzinski et al., 1993). Variability among isolates tested against 1.5-year-old trees of 
clonal line 77C40 (RR4) ranged from killing all trees within 59 days to inducing no 
symptoms in trees 182 days after underbark inoculation (Chapter 2). In that study, the 
original isolate (MP27) used for the initial screen (McComb et al., 1990; Stukely & 
Crane, 1994) killed only one out of six plants within 182 days, which indicates that this 
isolate may not be as aggressive as the isolate used in the current study. 
My underbark inoculations at 15 and 20°C and zoospore inoculations at 15–30°C 
supports earlier work (McComb et al., 1990; Stukely & Crane, 1994) that RR1 is 
resistant in comparison to other clonal lines. RR1 may have potential for use in the 
rehabilitation of P. cinnamomi infested areas. However, clonal lines RR5 and SS2 were 
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RR5 has not passed all field validation tests to be released as a resistant clone, and in 
field trials SS2 had the lowest mortality of all susceptible lines tested (M. J. C. Stukely, 
pers. comm.). This may be why RR5 and SS2 were similar in susceptibility in the 
present experiments. I would not recommend the use of RR5 as a resistant selection in 
rehabilitation programmes in diseased minesites and jarrah forest. 
Disease severity increased with increasing temperature in my experiments 
confirming work with 9-week-old jarrah seedlings (Grant & Byrt, 1984) and detached 
jarrah roots (Shearer et al., 1987 b). Both reports showed that disease severity measured 
as length of root tissue invaded was greatest at around 25 to 30°C. However, in these 
studies mortality was not measured. In contrast, I measured mortality and found a large 
increase in deaths between 20 and 25°C for 1.5-year-old potted plants. My work is 
different with respect to age of the host. 
In axenic cultures, Halsall & Williams (1984) found that 18–22°C was the optimal 
temperature range for zoospore production, but zoospores were still produced at 30°C. 
The current study showed that zoospores infected and caused rapid deaths of all SS2 
and RR5 plants and some individuals of RR1 at 25 and 30°C. It indicates that ponded 
riplines during warmer months of the year would provide ideal conditions for disease. 
Stems, as well as collars and lignotubers, of jarrah are susceptible to infection by 
zoospores from ponded riplines (Hardy et al., 1996; O’Gara et al., 1997). Harris et al. 
(1985) have also suggested that riplines may favour P. cinnamomi disease development 
in a Victorian seed orchard of E. regnans.  
Previously designated resistant clonal lines when inoculated underbark all died 
rapidly in my study at 25 and 30°C. In glasshouse trials during summer when Stukely & 
Crane (1994) tested for resistance of the seedlings from which the clonal lines are 
derived, they reported that maximum temperatures never exceeded 28°C. I found that 
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respectively, during summer (Chapter 2.3.5.2), which is probably similar to those during 
the experiment of Stukely & Crane (1994). In the current study, at continuous 
temperatures of 25 and 30°C deaths occurred rapidly in all clonal lines when inoculated 
underbark, while at 20°C RR1 showed some resistance to disease. These findings 
indicate that for underbark inoculated plants the resistance mechanisms are effective at 
average temperatures less than 25°C. Underbark inoculations in glasshouse experiments 
may be selecting for resistant clonal lines that are more effective at moderate 
temperatures. Clearly then, further work needs to address the effect of temperature on 
resistance of clonal lines. 
None of the disease measures, mortality, lesion length, pathogen recovery, 
circumferential spread or stomatal conductance, used in my study were able to 
unequivocally discriminate disease resistance among clonal lines in underbark 
inoculations of potted plants at all temperatures. However, they did reflect changes in 
rate of disease development. In contrast, for zoospore inoculations I was able to use 
mortality and pathogen recovery to discriminate among clonal lines. For example, at all 
temperatures RR1 had lower mortalities and lower pathogen recovery from plant tissue. 
I believe that for the rapid screening of large numbers of P. cinnamomi isolates and/or 
plant genotypes the underbark inoculation method is a suitable test to use. However, for 
a more refined differentiation of isolate variation and/or resistance of plant genotypes 
the zoospore inoculation method is a more appropriate screening tool.  
Underbark inoculation is a very severe test. Not only does it bypass the pre-
penetration and penetration stages of the P. cinnamomi infection process, but it also 
exposes phloem tissue to a high inoculum load. This may be why at highly favourable 
conditions for the pathogen, resistance was overcome in all clonal lines. Inoculation of 
plants with zoospores is probably more similar to the pre-penetration and penetration 
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inoculum load is lower and may allow host defence mechanisms to contain the pathogen 
during penetration and early colonisation of bark cortical cells and progressive cell 
layers towards the phloem. This may explain the low mortality at 25 and 30°C of RR1 
when inoculated with zoospores compared to the 100% mortality when inoculated 
underbark. The pathogen was also isolated at consistently lower rates in zoospore 
inoculated RR1 at all temperatures suggesting that this clonal line may be less 
susceptible to penetration of the zoospores, via the periderm. Alternatively, RR1 may 
have restricted and contained pathogen colonisation once it had penetrated, such that the 
pathogen was non-viable or dormant and did not re-grow on agar. I would suggest that 
in future more emphasis be placed on zoospore inoculations for further assessment of 
clonal lines. The stem inoculation method (this study; O’Gara et al., 1996, 1997) allows 
individual plants in screening trials to be retained in populations as the SOI can be 
placed well above the collar and diseased portions can be pruned before the pathogen 
colonises stem bases and/or shoots die.  
Lack of lesions in surviving and symptomless plants inoculated with zoospores 
did not mean that there was no P. cinnamomi colonisation. The pathogen was recovered 
up to 5 cm from the ROI in symptomless plants. This phenomenon has been described 
for jarrah plants inoculated with either zoospores or mycelial-mats underbark under 
other environmental conditions (Chapter 6; O’Gara et al., 1997). In these symptomless 
plants having viable pathogen, lesions may develop when conditions become conducive 
and death may result. It is important that further assessment of resistance takes into 
consideration the possibility of colonisation without lesion formation. 
The zoospore inoculation method was both cumbersome and time consuming. 
Recently, Lucas et al. (2001) demonstrated that clonal jarrah can be successfully 
infected with P. cinnamomi by placing mycelial-mats onto non-wounded stems. Other 
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zoospore inoculation method. If it is found to be identical, then clonal lines could be 
rapidly assessed in temperature factorial experiments. The non-wounding inoculation 
method could possibly also be used in the detached branch screening test.  
I found a large temperature effect in early lesion development in detached jarrah 
branches. In particular, the best discrimination between RR1 and SS1 was at 30°C after 
2 days. That 30°C gave the best discrimination is in agreement with hyphal growth on 
callus tissue derived from susceptible and resistant clonal lines of jarrah (McComb 
et al., 1987). In the present study, the susceptible clonal line SS1 had larger lesion 
responses to increasing temperature than the RR1 line. This indicates that detached 
branches could possibly be used as a preliminary screen for determining which plant 
genotypes are highly susceptible or resistant to P. cinnamomi at high temperatures. It 
would allow efficient testing of a large number of P. cinnamomi isolates with the same 
plant genotype. However, more isolates and plant genotypes need to be assessed to 
confirm the validity of this test. While a callus-pathogen screening method to select for 
resistant trees may be a legitimate test it has the disadvantage of the long time required 
to establish callus cultures. My preliminary detached branch test has advantages over 
the callus-pathogen screening method in that branch tissue is readily available, can be 
used with seedling progeny, takes only 2 days and is less labour intensive and costly.  
Interpretations of disease in jarrah clonal lines are complicated by the responses of 
the host, the pathogen and the host-pathogen interactions to environmental factors, and 
possibly, to the inoculum load or inoculation method. That underbark inoculations did 
not discriminate among clonal lines particularly at high temperatures and that zoospore 
inoculation identified RR1 as more resistant than RR5 and SS2 at all temperatures 
indicates that the current underbark selection process for resistant jarrah lines may be 
inadequate. Further tests are needed to examine the climatic conditions under which 
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particular, tests need to address the possible disease threats posed by zoospore infection 
of the stems in rehabilitated bauxite minesites and in jarrah forest sites with impeded 
drainage. My findings have important implications for breeding and selection 
programmes for resistance to P. cinnamomi in warm moist regions and in environments 
where climatic changes may shift to more conducive conditions. They also have 
important implications in management of riplines for ponding and planting positions in 
establishment of Eucalyptus species in infested or disease prone sites. 
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  975.1 Chapter abstract 
Seed-grown trees and six clonal lines of 3.5 to 4.5 year-old Eucalyptus  marginata 
(jarrah) growing in a rehabilitated bauxite minesite in the jarrah forest were underbark 
inoculated on lateral branches (1995) or simultaneously on lateral branches and lateral 
roots (1996) with isolates of Phytophthora cinnamomi in late autumn. Individual 
seedlings from which the clonal lines were derived had previously been assessed as 
either resistant (RR) or susceptible (SS) to P. cinnamomi. At harvest, the acropetal 
lesion and colonisation lengths were measured. Colonisation was more consistent as a 
measure of resistance than lesion length over the two trials. Colonisation length 
recorded the recovery of P. cinnamomi from macroscopically symptomless tissue ahead 
of the lesion, which on some occasions, was up to 6 cm. In both trials, one RR clonal 
line was able to consistently contain the P. cinnamomi isolates as determined by small 
lesion and colonisation lengths in branches and roots. In contrast, the remaining two RR 
clonal lines used in both trials were no different to the SS line in their ability to contain 
lesions or colonisation. These latter two RR lines may, therefore, not be suitable for use 
in rehabilitation of P. cinnamomi infested areas. Differences among P. cinnamomi 
isolates in lesion and colonisation lengths occurred only in the 1995 trial. Colonisation 
and lesion lengths were up to 8-times larger in 1996 than 1995 in branches. However, 
the relative rankings of clonal lines were consistent between trials, which indicates that 
rankings are repeatable. Although colonisation lengths were always larger in branches 
than roots, the relative rankings of the lines were similar between branch and root 
inoculations. Branch inoculations are a valid option for testing resistance and 
susceptibility of young jarrah trees to P. cinnamomi.  
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One of the main criticisms of the initial stem inoculations of Eucalyptus marginata 
(jarrah) seedlings and subsequent studies using this inoculation method was that 
resistance to Phytophthora cinnamomi was tested on stems and not roots, which are 
generally the principal site of colonisation. Studies with unselected trees have shown 
that stem and root inoculations are well correlated in terms of the relative resistance 
rankings of Banksia species (Dixon et al., 1984), Eucalyptus species (Tippett et al., 
1985) and oak species (Robin & Desprez-Loustau, 1998). Stem inoculations are 
preferred over root or soil inoculations, as they provide a convenient and consistent 
means of evaluating large numbers of hosts and isolates. Furthermore, roots often have 
large irregularities in morphology (Dixon et al., 1984; Tippett et al., 1985). No work 
directly compares between root and stem inoculation of jarrah clonal lines. Cahill et al. 
(1993) found that there was a good relationship in the relative resistance of five 10-
month-old clonal lines when roots were inoculated with zoospores compared to the 
initial rankings based on stem inoculation (McComb et al., 1990; Stukely & Crane, 
1994). In non-clonal jarrah saplings, Shearer et al. (1987 a) reported comparable growth 
of P. cinnamomi in detached roots and in intact stems in the forest. However, Tippett 
et al. (1985) found that intact roots were up to 3-fold less susceptible than stems after 
underbark inoculation, and they were unable to correlate the results from detached roots 
with intact stems. 
Recently, O’Gara et al. (1996, 1997) showed that intact stems of jarrah could be 
infected by zoospores. This supports observations where disease of jarrah collars or 
stems was often associated with ponded riplines in rehabilitated bauxite minepits 
(Hardy et al., 1996; O’Gara et al. 1996). To select P. cinnamomi resistant genotypes of 
jarrah or other susceptible species, assessing the relative susceptibility of stems and 
roots is critical before deciding which inoculation technique to use. 
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lateral branches of resistant and susceptible clonal lines and seed-grown jarrah trees 
after underbark inoculation with a number of P. cinnamomi isolates. The relationship 
between lesion and colonisation length in roots and branches were also investigated. 
Whether previous resistance rankings of the clonal lines are consistent for branch and 
root inoculations was determined. 
 
5.3 Materials and methods 
5.3.1 Experimental design 
Seed-grown trees and clonal lines of 3.5 to 4.5 year-old jarrah growing on a 
rehabilitated jarrah forest minesite were underbark inoculated on lateral branches (1995 
trial) or simultaneously on lateral branches and lateral roots (1996 trial) with different 
isolates of P. cinnamomi. Both trials were completely randomised factorial designs. In 
autumn 1995, five branches on five replicate trees of each clonal line were inoculated 
per isolate, while in autumn 1996, three branches and three roots on twelve replicate 
trees of seed-grown trees and clonal lines were inoculated per isolate. There was one 
control inoculation of a branch or root per inoculated tree in each trial. All tree material 
was harvested 42 and 12 days after inoculation in 1995 and 1996, respectively. 
 
5.3.2 Isolates and inoculum production 
Five isolates of P. cinnamomi were selected based on results from inoculation of a 
3-year-old RR1 clonal line (see next section) growing on a rehabilitated forest minesite 
during summer in 1994 (Hüberli, 1995). One (MP94-48) isolate that produced large 
lesions, one (MP116) producing medium lesions and two (MP94-09 and MP112) 
producing small lesions were chosen for 1995 inoculations. Isolate MP94-48 was used 
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isolates were of A2 mating type and of the same clonal lineage (Chapter 2).  
Sterile Miracloth (Calbiochem Corporation, CA, USA) discs, 1 cm in diameter, 
were placed onto vegetable-8 juice agar (V8A) (Appendix 1). Plates were inoculated 
individually with the different P. cinnamomi isolates that had been re-passaged and 
incubated in the dark at 24°C for 10 days. Three weeks before inoculation, all isolates 
were re-passaged through potted jarrah seedlings in a glasshouse as a precautionary 
measure against loss of pathogenicity (Erwin & Ribeiro, 1996). 
 
5.3.3 Plant material, inoculation and growth conditions 
Seed-grown trees and six clonal lines of 8-month-old jarrah were planted in July 1992 
on a rehabilitated bauxite minesite in the jarrah forest at the Willowdale (32.55 south, 
116.02 east) mine of Alcoa World Alumina Australia, located 110 km southwest of 
Perth, Western Australia (WA). Seed-grown trees were propagated from seeds collected 
from the northern jarrah forest of WA. Resistant (RR) and susceptible (SS) clonal lines 
of jarrah trees were propagated from individual seedlings that had been assessed for 
resistance to P. cinnamomi (McComb et al. 1990). In 1995 inoculations, six clonal lines 
were used: 1J30 (RR1), 5J336 (RR2), 12J96 (RR3), 326J51 (RR7), 11J379 (SS1) and 
11J402 (SS2). In 1996, seed-grown trees and all clonal lines used in 1995 were 
inoculated except RR3 and SS2. Both primary and secondary branches and roots were 
used for inoculations.  
Five weeks prior to the 1996 inoculation, the soil from around six roots of each 
replicate tree per seed-grown plant and clonal line was carefully excavated and removed 
for later inoculation. The soil was replaced with sterile moist vermiculite around the 
roots to a depth of about 20 cm. Plastic sheeting was placed on top of the vermiculite 
and then covered with soil to prevent desiccation. 
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and 1 cm wide) through the cortex to the phloem. Cuts on branches were always made 
towards the shoot apex, and on roots they were made towards the root apex. A colonised 
Miracloth disc was inserted, mycelial-side-down under the flap, the flap closed and the 
wound sealed with Parafilm (American National Can, Chicago, USA) and also silver 
duct tape (Norton Abrasives Pty Ltd, Lidcombe, NSW, Australia). Controls were 
underbark inoculated with sterile Miracloth discs. The plant tissue in contact with the 
inoculum disc will be referred to as the site of inoculation (SOI). The average branch 
diameter at the SOI in both trials was 7 mm (range of 5–11 mm). In the 1996 trial, root 
diameters at the SOI averaged 10 mm (range of 2–26 mm).  After inoculation, roots 
were re-buried as described earlier.  
Rainfall data prior to and during both trials were obtained from the Willowdale 
minesite. The minimum and maximum temperatures during the trials were obtained 
from the nearest Bureau of Meteorology (Station No. 9642, Wokalup, WA) 
approximately 25 km from the study site. 
 
5.3.4 Harvest 
Forty-two (1995 trial) and 12 (1996 trial) days after inoculation, the branches and/or 
roots were excised from the trees and transported to the laboratory for assessment of 
lesions and pathogen colonisation. The outer bark was carefully scraped back with a 
sterile scalpel blade at the SOI of branches and roots. The acropetal length of the lesion 
present in the phloem was measured. The acropetal and basipetal lesions were recorded 
separately in the 1996 trial.  
In the 1995 trial, branches were cut into 0.5 cm sections from the mid-SOI up the 
branch for eight sections. The sections were cut longitudinally to expose the bark and 
wood to the medium and plated sequentially onto NARPH, an agar selective for 
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12 sections as described earlier. Recovery of the pathogen from branch sections was 
assessed after 3 and 5 days incubation at 24°C. The total number of branch or root 
sections from which P. cinnamomi was recovered was used to determine the acropetal 
length of colonisation. Colonisation refers to the total amount of the branch or root 
tissue invaded by the pathogen, which in lesioned branches or roots included the lesion 
and the pathogen extension beyond the lesion (EBL). In branches or roots without 
lesions, colonisation consisted only of the pathogen extension beyond the SOI.  
 
5.3.5 Statistical analysis 
Following Tabachnick & Fidell (1996), data for parametric tests were screened for 
assumptions of homoscedasticity, presence of outliers, normality and non-correlations 
of means and variances. All measurements of branches or roots on a tree were averaged 
and the means of the replicate trees were subjected to multivariate analysis of variance 
(MANOVA). The 1995 and 1996 trials were analysed separately. The dependent 
variables were lesion and colonisation length, while the independent variables were 
plant genotype (seed-grown trees and clonal lines) and isolate. All significant main 
effects and interactions were compared using the Least Significant Difference (LSD) 
test (P = 0.05). Branch and root diameters at the SOI were not used as covariates as 
correlations to lesion data were low (-0.24 < r < 0.36, P > 0.05). Also, there were no 
significant (P > 0.05) differences in branch and root diameters among seed-grown trees 
and clonal lines. 
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The initial MANOVA of 1995 data showed significant main effects for jarrah clonal 
line (P  <  0.001) and isolate (P  <  0.001), while the interaction was not significant 
(P = 0.29). In 1996, the main effect of plant genotype (seed-grown trees and clonal 
lines) (P  <  0.001) was significant, while the isolate main effect (P = 0.60)  and  the 
interaction (P  =  0.99) were not significant. In cases where the main effects were 
significant, both dependent variables of lesion and colonisation length were highly 
significant (Table  5.1). The relationship between lesion and colonisation length is 
shown in Figures 5.1 and 5.2. 
As there was no significant interaction between plant genotype (seed-grown trees 
and clonal lines) and isolates in lesion and colonisation length of the 1995 (P = 0.29) 
and 1996 (P = 0.98) trial, the results are presented with isolates pooled within plant 
genotypes and plant genotypes pooled within isolates. The plant genotype main effect 
for lesion and colonisation length was significant in 1995 (P < 0.001)  and  1996 
(P < 0.02), while the isolate effect was only significant (P < 0.001) in 1995. Acropetal 
and basipetal lesions in both branches and roots were strongly correlated (r > 0.80, 
P < 0.001) in the 1996 trial. Therefore, for purposes of comparison with the 1995 trial, 
only acropetal lesion and colonisation length was presented for the 1996 trial.  
All control branches and roots were symptomless and P. cinnamomi was never 
isolated from these tissues. When inoculated branches and roots were plated from both 
trials,  P. cinnamomi was recovered from macroscopically symptomless tissue up to 
6 cm ahead of the lesion margin. The pathogen was not always recovered from every 
sequential root or branch section plated. In some cases, P. cinnamomi was not recovered 
from symptomless tissue for up to 2 cm ahead of the lesion margin, but was recovered 
further up the root or branch tissue (data not shown). 
Chapter 5: Evaluation of resistance to Phytophthora cinnamomi in seed-grown trees and clonal lines of  
Eucalyptus marginata inoculated in lateral branches and roots  104Table 5.1  Results of univariate tests (following significant initial MANOVA) of 
acropetal lesion and colonisation length of Eucalyptus marginata (jarrah) clonal lines 
and seed-grown trees growing in rehabilitated forest minesite that were inoculated 
underbark in branches or roots with mycelial-mats of Phytophthora cinnamomi isolates. 
Inoculations were conducted in late autumn of 1995 and 1996. 
 
      Lesion length    Colonisation length 
Year of 
trial 
Tissue 
inoculated  Effect df  F  P-value  df  F  P-value 
1995  Branch  Clonal line 5, 92  17.93  <0.001
a  5,  92  13.45  <0.001
a
   Isolate  3,  92  14.35  <0.001
a  3,  92  12.46  <0.001
a
               
1996  Branch  Clonal line 4, 106  7.56  <0.001
a  4,  106  6.11  <0.001
a
   Isolate  —
b — —    —  — — 
  Root  Clonal line 4, 106  5.23  <0.001
a  4,  106  3.16  0.02
a
   Isolate  —  — —    —  — — 
a Significant interaction at α = 0.05. 
b Not determined since main effect of isolate was not significant (P = 0.60). 
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Figure 5.1 Mean length of acropetal lesions ( ) and acropetal colonisation ( ) in 
branches of six Eucalyptus marginata (jarrah) clonal lines after underbark inoculation 
with four Phytophthora cinnamomi isolates for 42 days in autumn 1995. Data for 
isolates are pooled within clonal lines and all clonal lines are pooled within isolates. 
Jarrah clonal lines with the prefix RR were classified as resistant, while those with the 
prefix SS were susceptible to P. cinnamomi (McComb et al., 1990). Bars topped by the 
same letter do not differ significantly from each other among lesions or among 
colonisation lengths. Error bars are standard errors of the means. 
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Figure 5.2 Mean length of acropetal lesions ( ) and acropetal colonisation ( ) in 
branches and roots of four clonal lines and seed-grown plants (SGP) of Eucalyptus 
marginata (jarrah) after underbark inoculation with two Phytophthora cinnamomi 
isolates for 12 days in autumn 1996. Data for isolates are pooled within plant genotypes 
(SGP and clonal lines) and all plant genotypes are pooled within isolates. Jarrah clonal 
lines with the prefix RR were classified as resistant, while those with the prefix SS were 
susceptible to P. cinnamomi (McComb et al., 1990). Bars topped by the same letter do 
not differ significantly from each other among lesions or among colonisation lengths. 
Error bars are standard errors of the means. 
 
 
5.4.1 Comparison of 1995 and 1996 lateral branch inoculations 
Lesion lengths in branches were up to 7.9-fold longer in 1996 than 1995 for jarrah 
clonal lines and P. cinnamomi isolates, while colonisation lengths were only up to 2.4-
fold longer (Figures 5.1 and 5.2). This is despite 1995 branches being harvested 30 days 
later than in the 1996 trial.  
Lesion and colonisation lengths resulted in similar relative susceptibility rankings 
of clonal lines. RR3 (in 1995), seed-grown trees (in 1996) and RR1 (in both trials) had 
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clonal lines (Figures 5.1 and 5.2). In comparison to RR1, lesion and colonisation lengths 
tended to be relatively large for SS1, RR2 and RR7 in both trials.  
Overall, isolates MP94-48 and MP94-09 had significantly (P < 0.003)  smaller 
lesion and colonisation lengths than MP112 and MP116 in 1995 (Figure 5.1). In 1996, 
no significant (P = 0.60) differences between isolates were found (Figure 5.2). 
Maximum and minimum temperatures during the 1996 trial were higher 
(P  <  0.003) than those during the 1995 trial. The average minimum and maximum 
temperatures during the 1995 trial were 8.9 and 17.8°C, respectively, and those during 
the 1996 trial were 11.5 and 23.0°C, respectively. Rainfall 12 months prior to 
inoculation was 150 mm higher in the 1996 trial than the 1995 trial, although it was not 
significant (P  =  0.74). The amount of rain received in April (one month prior to 
inoculation) was 15 mm in 1995 and 40 mm in 1996, which is below the average of 
61 mm for the region. During the trials, there was 208 mm and 64 mm of rain in 1995 
and 1996, respectively.  
 
5.4.2 Comparison of root and lateral branch inoculations 
There was no correlation between jarrah branches and roots for either lesion 
(-0.27 < r < 0.25, P > 0.22) or colonisation (-0.21 < r < 0.40, P > 0.05) lengths in seed-
grown trees and clonal lines. Mean lesion and colonisation lengths were up to twice as 
long in branches than in roots for all clonal lines and P. cinnamomi isolates (Figure 5.2). 
However, in seed-grown trees, lesion lengths were slightly (1.2-times) longer in roots 
than in branches, while for colonisation lengths it was vice versa. 
The RR1 clonal line was consistently the most effective in containing 
P. cinnamomi lesion development and colonisation compared with all other clonal lines 
and seed-grown trees. The relative rankings of clonal lines were not consistent when 
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was in the susceptible ranking for branch inoculations, however, for root inoculations 
this was true only for colonisation lengths (Figure 5.2). Roots lesion lengths of SS1 
were not significantly (P = 0.10) larger than RR1. The seed-grown trees, on the other 
hand, were similarly resistant as RR1 for branch inoculations (Figure 5.2). In root 
inoculations, colonisation length in the seed-grown trees were not significantly 
(P = 0.06) different from RR1, while lesion lengths were larger (P = 0.001) than RR1. 
 
5.5 Discussion 
This is the first study to investigate lesion and colonisation development in branches 
and roots of clonal lines of jarrah trees. The root and both branch inoculation trials 
confirmed the resistance status of RR1 to P. cinnamomi and the value of branch 
inoculations for selecting resistant jarrah trees for micropropagation (McComb et al., 
1990; Stukely & Crane, 1994). Previous and current work with RR1 in rehabilitated 
forest sites (McComb et al., 1994; Appendix 2) and in temperature controlled cabinets 
using zoospore inoculation (Chapter 4) provides further evidence that RR1 is resistant 
and has potential for the rehabilitation of P. cinnamomi infested forests and minesites. 
RR3 was also highly resistant in the 1995 trial, however, root and branch inoculations 
need to be conducted in a second season to validate this finding. That the unselected 
seed-grown trees were as resistant as RR1 in branch and root inoculations indicates that 
the seed lot used was derived from more resistant genotypes of jarrah. 
Clonal lines RR2 and RR7, selected as resistant from visible lesions in 14-momth-
old seedlings (McComb et al. 1990), were as susceptible as SS1 and SS2 in both trials, 
particularly when colonisation lengths were considered. RR2 has been reported to be as 
resistant as RR1 in a field survival trial (McComb et al., 1994) and in a root inoculation 
study of 10-month-old seedlings (Cahill et al., 1993). There are several possible reasons 
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environmental conditions and pathogenicity of the P. cinnamomi isolates used. Two 
reports have demonstrated that there is large variation among Australian isolates in 
pathogenicity to jarrah clones (Chapter 2; Dudzinski et al., 1993). In Chapter 2, it was 
found that 73 WA isolates ranged from killing all plants within 59 days to plants being 
symptomless 182  days after underbark inoculation of 1.5-year-old jarrah clonal line 
77C40 (RR4) in a glasshouse. 
The relationship between lesion development in branches and roots of jarrah trees 
was not always consistent as reported for my preliminary results (Hardy, 2000). On the 
basis of lesion lengths in root inoculations, SS1 would be considered as resistant as 
RR1, while seed-grown trees are more susceptible. This is in conflict with my data for 
root colonisation length and stem lesion and colonisation length. Lesion lengths were 
highly variable between trials, while colonisation lengths were more consistent for both 
trials. One possibility for variation in lesions is that the pathogen can consistently 
colonise beyond macroscopically visible lesions in tissue (Chapter  6; O’Gara et al., 
1997). Some reports indicate that P. cinnamomi has been isolated from symptomless 
tissue up to 5 cm in front of the lesion margin (Chapter 4; Davison et al., 1994; Hardy 
et al., 1996; O’Gara et al., 1997), which is in agreement with the results in the current 
study. Colonisation lengths, unlike lesion lengths, account for macroscopically non-
visible disease.  
Lesion lengths were considered a good measurement for assessing resistance to 
P. cinnamomi of jarrah plants aged less than 2 years old (Stukely & Crane, 1994). In 
these plants, the pathogen was only recovered up to 4 mm ahead of the lesion margin. It 
should be noted, however, that only 10 mm of symptomless stem was plated. In older, 
2-year-old plants, Stukely & Crane (1994) found that lesions were often unreliable as 
the pathogen progressed internally and its colonisation was not visible as a continuous 
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inoculation of branches and roots of jarrah, P. cinnamomi might not be recovered from 
tissue adjacent to the SOI or from regions within 10 mm ahead of the lesion margin, but 
could be recovered at greater distances above the lesion. Therefore, I would recommend 
that colonisation needs to be assessed in conjunction with lesions, particularly for older 
trees.  
Lesion and colonisation lengths in branches were smaller in 1995 than those in 
1996 for all jarrah clonal lines. Other wound inoculation experiments with non-clonal 
jarrah saplings have shown that both ambient temperature and water status of jarrah 
trees being invaded affect lesion development by P. cinnamomi (Shearer et al, 1987 b; 
Tippett  et al., 1987, 1989). However, during the wetter months, lower temperatures 
rather than low bark moisture limits pathogen colonisation (Tippett & Hill, 1983). In my 
study, the maximum ambient temperature in the 1996 trial was very close to the 
optimum of 25 to 30°C for lesion development of WA isolates (Chapter 4; Shearer 
et al., 1987  b). It is unlikely that rainfall was a contributing factor in differences 
between the 1995 and 1996 trials as trees received relatively similar amounts of rainfall 
prior to commencement of the experiment and in 1995 had more than 3-fold more 
rainfall during the trial than in 1996. It has been shown for jarrah saplings that increased 
bark moisture predisposes the trees to more rapid pathogen colonisation and lesion 
development (Tippett & Hill, 1983; Tippett et al., 1989). Furthermore, heavy summer 
rainfalls greater than 200  mm in a month have been associated with P. cinnamomi 
disease epidemics (Marks et al, 1972; Tippett & Hill, 1983). 
Branches were generally more susceptible than roots to both P. cinnamomi 
isolates, and for branches differences among clonal lines were larger than for roots. That 
branches were more susceptible to disease than roots confirms previous wound 
inoculation studies with jarrah saplings and poles (Tippett et al. 1983, 1985; Bunny 
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observed that large roots (3.2-10 cm diameters) resisted circumferential spread of the 
pathogen more effectively than coppice stems. The factors for this reduced 
susceptibility in roots are not known, although soil temperatures have been reported to 
be lower with less fluctuations than at the soil surface (Marks et al., 1973; Shearer & 
Shea, 1987). While I have no data to make comparisons to ambient temperatures, 
another study in the WA jarrah forest has shown that soil temperatures at a depth of 
7.5 cm during late autumn were always less than 18°C and only reached 15°C for about 
20 hours per week (Shea, 1975). These low temperatures in soils compared to the higher 
ambient temperatures in 1996 could account for the differences in lesion and 
colonisation observed in roots and branches.  
The relative rankings of jarrah clonal lines for branch and root inoculations were 
consistent when colonisation lengths were measured. Branch inoculations provide a 
convenient, rapid, low cost and easily repeatable method for initial resistance-
susceptibility screening of large numbers of jarrah genotypes.  
The relative pathogenicity rating of isolates used in 1995 inoculations was not 
consistent with that of earlier underbark inoculations of 3-year-old RR1 conducted in 
summer 1994 (Hüberli, 1995). Additionally, there was less differentiation among 
isolates in pathogenicity in 1995 than in 1994. Some isolates in the current study 
switched from producing large lesions to small lesions (MP94-48) in RR1 and vice 
versa  (MP112). This inconsistency between these two trials may be explained by 
seasonal factors. The variation in individual isolate pathogenicity rankings indicates that 
their capacity to produce disease is variable and may be influenced to different extents 
by environmental and plant physiological factors. It also raises the hypothesis that the 
capacity to produce disease may be a multigenic character given the breadth of 
behaviour of the pathogen in RR1 between the two trials. In Chapter 2, I showed that all 
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phenotypes on the basis of their capacity to kill jarrah clonal line RR4. Hence, further 
work needs to investigate the variability in pathogenicity and its interaction with plant 
age.  
The current study has important implications for breeding and selection 
programmes for resistance to P. cinnamomi and provides improvements to resistance-
screening procedures. Further work is assessing the ability of 3 to 6 year-old clonal lines 
growing in rehabilitated forest sites to survive underbark inoculations with the pathogen 
(Appendix  2). Currently, RR1 is showing promising results in these trials which 
commenced in November 1997. 
Chapter 5: Evaluation of resistance to Phytophthora cinnamomi in seed-grown trees and clonal lines of  
Eucalyptus marginata inoculated in lateral branches and roots  112 
CHAPTER 6 
False-negative isolations or absence of lesions 
may cause mis-diagnosis of diseased plants 
infected with Phytophthora cinnamomi 
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  1136.1 Chapter abstract 
In a series of growth cabinet (Chapter 4), glasshouse (Chapter 2) and rehabilitated forest 
minesite (Appendix 2) experiments, tissue samples from lesions or from symptomless 
tissue adjacent to inoculation sites were collected from living clonal lines of Eucalyptus 
marginata (jarrah). These were plated immediately onto agar selective for Phytophthora 
(NARPH). Phytophthora cinnamomi was recovered 3–6 months after inoculation from 
50% of samples with lesions and 30% of symptomless samples. However, up to 11% of 
samples with and without lesions and from which P. cinnamomi was not initially 
isolated contained viable pathogen. This was shown by removing tissue, which had not 
produced any growth of P. cinnamomi on NARPH plates, cutting it into smaller 
sections, washing in sterile deionised water repeatedly for 9 days, and re-plating. Plating 
stem or bark tissue directly onto NARPH produced false-negative results for nine 
P. cinnamomi isolates and six jarrah clonal lines. The behaviour of the pathogen 
indicates that it could be present as dormant structures, such as chlamydospores, that 
need to be induced to germinate. Alternatively, fungistatic compounds in the tissue 
needed to be removed to allow the pathogen to grow. These results have important 
implications for disease diagnosis and management, disease-free certification and 
quarantine clearance. 
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An important criterion in plant pathology is the ability to detect a pathogen in living, 
moribund or dead plant tissue. The presence of Phytophthora cinnamomi is usually 
indicated by a lesion in the plant host, which is then confirmed by plating the tissue onto 
agar selective for Phytophthora (Tippett et al., 1983; Robin, 1992; Bunny et al., 1995). 
Some reports indicate that P. cinnamomi is not confined to lesions as it has been 
isolated from symptomless tissue up to 30 mm in front of the lesion margin (Shea et al., 
1982; Phillips & Weste, 1984; Davison et al., 1994; Hüberli, 1995). More important, 
however, is the recent isolation of P. cinnamomi from symptomless Eucalyptus 
marginata (jarrah) stems inoculated with zoospores in two rehabilitated forest minesite 
trials (O’Gara et al., 1997; O’Gara, 1998). In one of these trials, O’Gara (1998) 
demonstrated that P. cinnamomi could be isolated from a small proportion of mostly 
symptomless stems assessed as pathogen-negative by directly plating tissue onto agar 
selective for Phytophthora, after washing and baiting the stems with Pimelea leaves in 
soil extract solution. 
In this study, the recovery of P. cinnamomi from inoculated jarrah stems with and 
without lesions from rehabilitated forest minesite and controlled environment 
experiments using direct plating and a washing technique was investigated. The 
hypothesis that the standard direct plating technique used for isolating P. cinnamomi 
can give false-negative results was tested. 
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6.3.1 Experimental design 
Recovery of a total of 68 isolates of P. cinnamomi from live stem tissue was examined 
in nine clonal lines of jarrah (with or without lesions) that had survived for 3-6 months 
in three inoculation experiments (Table  6.1). These plants from environmentally 
controlled growth cabinet (Experiment  4.2), glasshouse (Chapter  2) and rehabilitated 
forest minesite (Appendix 2) experiments were harvested 86, 182 and 128 days after 
inoculation, respectively. Each experiment was a completely randomised factorial 
design.  
 
Table 6.1 Experimental treatments using different Phytophthora cinnamomi isolates, 
Eucalyptus marginata (jarrah) seed-grown trees and clonal lines, and numbers of 
surviving jarrah plants harvested from three inoculation experiments. 
 
Experiment
a Temperature (°C)  Isolate Jarrah  genotype
b
No. of surviving 
plants harvested
Cabinet  15, 20, 25 or 30  MP94-48 1J30  (RR1)  32  
 121E47  (RR5)  5  
 11J402  (SS2)  16  
    
Glasshouse  20 (min), 29 (max)
c 67 isolates
d 77C40 (RR4)  176  
    
Forest  6 (min), 46 (max)
c MP99 1J30  (RR1)  21  
  MP94-48 5J336  (RR2)  20  
 12J96  (RR3)  24  
 121E293  (RR6)
e 20  
   11J379  (SS1)  23  
 11J402  (SS2)  23  
 Seed-grown  trees  20  
a Controlled growth cabinets (Experiment 4.2), cooled glasshouse (Chapter 2) and 
rehabilitated forest minesite (Appendix 2) experiment. 
b Jarrah genotype includes seed-grown trees and clonal lines susceptible (SS) and 
resistant (RR) to P. cinnamomi as determined by McComb et al. (1990). 
c Ambient temperature in the shade. 
d Includes isolate MP94-48, but not MP99. 
e Clonal line 121E293 also known as 121E29. 
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A total of 68 isolates of P. cinnamomi, all of A2 mating-type, were used in the three 
experiments. They were isolated from mine sites of Alcoa World Alumina Australia at 
Jarrahdale  (n = 34)  and  Willowdale  (n = 34) in the northern jarrah forest in the 
southwest of Western Australia (WA). Only isolate MP94-48 was used in all 
experiments. 
 
6.3.3 Plant material and growth conditions 
All plants were supplied by the Marrinup Nursery (Alcoa World Alumina Australia, 
WA). Clonal lines of jarrah (line number given in Table 6.1) were propagated from 
seedlings that had been assessed for resistance/susceptibility to P. cinnamomi in the 
glasshouse using underbark inoculation of stems (McComb et al., 1990). The clonal 
lines were ranked according to lesion size, with large lesions and small lesions classed 
as susceptible (SS) and resistant (RR), respectively (McComb et al., 1990). Seed-grown 
trees were raised from seeds collected from the northern jarrah forest. Numbers of 
surviving jarrah seed-grown trees and clonal lines used in the recovery experiments are 
shown in Table 6.1. 
Potted 1.5-year-old clonal lines of jarrah were used in the cabinet and glasshouse 
experiment. In the forest experiment, the planted seed-grown and clonal lines of jarrah 
trees had grown in the Willowdale minesite for 6 years and ranged from 1.5–6 m in 
height prior to inoculation. Potted plants were grown in composted pine bark, coarse 
river sand and muck peat (2:2:1; Richgro Garden Products, Canning Vale, WA) with 
added basal fertiliser (Appendix  1). Each pot was top-dressed with 12-13  g of a 
4-9 month slow-release fertiliser (Scotts Osmocote Plus, Scotts Europe BV, Heerlen, 
The Netherlands) and watered daily to container capacity in free-draining pots. Plants in 
the cabinet experiment were grown in environmentally controlled growth cabinets 
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2 irradiance on a day/night cycle of 14.5/9.5 hours. 
 
6.3.4 Inoculum production and inoculation 
Watertight receptacles were constructed around the stems of plants in the cabinet 
experiment and inoculated with zoospores as described by O’Gara et al. (1997). The 
1 cm region of tissue immersed in the zoospore solution will henceforth be referred to 
as the region of inoculation (ROI). Plants in the glasshouse and forest experiments were 
underbark inoculated 5  cm and 15  cm from the soil surface with 1  cm and 5  cm 
diameter Miracloth (Calbiochem Corporation, La Jolla, CA, USA) inoculum discs, 
respectively, using the methods of O’Gara et al. (1996). The wounds in the glasshouse 
and forest experiments were sealed with Parafilm and reflective silver Polyvinyl 
chloride duct tape (48 mm; Norton Abrasives Pty Ltd, Lidcombe, New South Wales, 
Australia), respectively. The tissue in contact with the inoculum discs is referred to as 
the site of inoculation (SOI). Plants in the forest experiment were inoculated on 
5 November 1997 (late spring). 
 
6.3.5 Harvest  
At harvest, the presence or absence of stem lesions was recorded. Where stem lesions 
were absent, the periderm was carefully scraped back to determine if phloem lesions 
were present. In the cabinet and glasshouse experiments, stems were cut into 1  cm 
sections covering from 1 cm into the lesion front to 6 cm outside the lesion and up the 
stem, and cut longitudinally to expose the bark and wood to the selective medium. 
Symptomless stems were cut into 1 cm sections as above, but from the ROI or SOI for 
7 cm up the stem. Stem sections were plated sequentially onto NARPH agar (see later) 
which is selective for Phytophthora. In the forest experiment, one piece (about 5 x 
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either the lesion margin if present, or from the SOI if a lesion was absent. This was cut 
into smaller pieces (2 x 2 cm) and plated on NARPH medium (Appendix 1). All plates 
were incubated in the dark at 24 ±1°C for 14 days and were examined every second day 
for the presence of P. cinnamomi. 
Where P. cinnamomi was not recovered after 14 days, one of each pair of plated 
stem sections (glasshouse and forest experiments) or bark-pieces (forest experiment) 
were removed from the NARPH plates and cut into smaller pieces (about 5-8 mm
2) to 
increase leaching. Cutting and re-plating of 2- to 12-month-old lesions does not give 
additional recoveries of P. cinnamomi (G.  E.  St  J. Hardy, pers. comm.). Pieces were 
placed into sterile deionised water at room temperature and containers were rinsed and 
re-filled with deionised water twice daily for 2 days and then daily for 7 days. The 
tissue samples were blotted dry, plated onto NARPH medium, incubated and scored for 
P. cinnamomi recovery as described previously. This technique is a modification of the 
method used by O’Gara (1998). 
 
6.4 Results and discussion 
The absence of a visible lesion does not indicate that P. cinnamomi is absent in jarrah 
stems (Table 6.2). The pathogen was isolated from 61 out of 287 symptomless plants 
across all experiments. In the cabinet experiment, where lesions were not observed on 
any plants (Table 6.2), the pathogen could be recovered up to 5 cm beyond the ROI. If 
these plants were only visually assessed for disease, they would be rated as disease-free. 
It is important to recognise that symptomless plants having viable P. cinnamomi may, 
under conducive conditions, become diseased in the future and may provide a source of 
inoculum to contaminate otherwise disease-free sites. This concern has also been raised 
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(Phillips & Weste, 1984), and in stem inoculations of jarrah (O’Gara et al., 1997).  
 
Table 6.2  Percentage recovery of Phytophthora cinnamomi from stem tissue of 
Eucalyptus marginata (jarrah) with and without lesions harvested from three inoculation 
experiments. Recovery was scored after plating tissue directly onto NARPH agar 
selective for Phytophthora, and after washing in deionised water repeatedly for 9 days. 
Actual numbers are in parentheses. 
 
Stems with lesions  Stems without lesions 
% recovery  % recovery 
Experiment
a
Direct 
plating
b
After 
washing
c
No. plant 
samples 
washed 
Direct 
plating
d
After 
washing
c
No. plant 
samples 
washed 
Cabinet —
 e — —  34.0  (18) 8.6  (3) 35  
Glasshouse 48.4  (30) 3.1 (1) 32   28.1  (32) 8.5 (7) 82  
Forest 51.0  (76) 11.0 (8) 73   50.0  (1) 0 1  
Exp. total  50.2 (106) 8.6 (9) 105   30.2 (51) 8.5 (10) 118  
a Controlled growth cabinets (Experiment 4.2), cooled glasshouse (Chapter 2) 
and rehabilitated forest minesite (Appendix 2) experiment. 
b Recovery of P. cinnamomi from the lesion margin and/or beyond the lesion. 
c Previously measured as free of P. cinnamomi by direct plating, then washed.
 
d Recovery of P. cinnamomi from the region or site of inoculation and/or 
beyond the inoculation area. 
e No plants had lesions. 
 
 
The recovery of P. cinnamomi from beyond lesions or from symptomless plants 
indicates that the pathogen may function as a hemibiotroph. Other wound inoculation 
studies (Shea et al., 1982; Phillips & Weste, 1984; Davison et al., 1994) have isolated 
P. cinnamomi in advance of lesions, although it was Davison et al. (1994) who first 
described this as a hemibiotrophic interaction. With time, this initial biotrophic 
interaction became necrotrophic. This type of hemibiotrophy is different from the 
symptomless plants which contained P. cinnamomi in the current study and which were 
either underbark (glasshouse and forest experiments) or zoospore (cabinet experiment) 
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using zoospore inoculation.  
Failure of some initial isolations to produce colonies on NARPH was probably not 
due to inhibition of P. cinnamomi. Any medium is inherently selective. The evidence 
suggests that NARPH constituents have minimal effect on the growth of P. cinnamomi 
(Tsao, 1983). NARPH also has no inhibitory effects on the growth of fastidious F1 
progeny of P. cinnamomi (Tommerup & Catchpole, 1997). 
When inoculum levels in tissue with or without lesions are excessively low and/or 
are dormant, plating tissue directly onto agar selective for Phytophthora may produce 
some false-negative results. Up to 11% of tissue, assessed as pathogen-negative by 
direct plating, were found to contain live P. cinnamomi when washed in water. 
Importantly, up to 8.6% of symptomless stems were falsely negative, a level similar to 
the 9.8% observed in zoospore-inoculated plants by O’Gara (1998). My results suggest 
that the pathogen is either present in some dormant, but viable, unit such as 
chlamydospores, selfed oospores or walled-off hyphae, or re-growth is being suppressed 
by fungistatic compounds such as phenolics. These false-negative results would be 
unacceptably high for diagnostic purposes, disease-free certification and quarantine 
clearance. 
Phenolic compounds have been shown to act as inhibitory substances to 
pathogens (Christie, 1965; Alfenas et al., 1982) and may contribute to dormancy or 
fungistasis. They may be released by washing stem tissue, enabling propagules to re-
grow. The survival of P. cinnamomi in plant tissue is poorly understood. The pathogen 
has been recovered from static jarrah root lesions up to two years after inoculation 
(Tippett et al., 1985) and more than one year in dead Banksia grandis collars (Shea, 
1979). Chlamydospores have been observed in inoculated plants (Malajczuk et al., 
1977; Tippett et al., 1983) and in survival trials where excised Eucalyptus roots were 
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previous trials assessing fungistasis or survival, it is possible that the pathogen persisted 
longer than stated as those studies used direct plating rather than tissue-washing and 
plating. Currently, the factors involved in dormancy, fungistasis and long term survival 
of  P. cinnamomi in jarrah and Banksia tissue are being investigated (Collins et al., 
2001 a, b). 
The recovery of the pathogen after tissue-washing does not appear to be a 
phenomenon of any particular P. cinnamomi isolate, seed-grown trees or jarrah clonal 
line. It has been found for nine out of 68 isolates of P. cinnamomi, seven out of nine 
jarrah clonal lines and seed-grown trees. The experiments were done under controlled 
and rehabilitated forest minesite conditions. Therefore, the findings in the present study 
are not confined to individual isolate-host interactions or environmental conditions, but 
are a widespread phenomenon in inoculated stems. 
This study is the first to report the use of tissue-washing to increase positive 
isolations of P. cinnamomi. It also raises issues about symptomless tissue and false-
negative isolations with important implications for disease management in natural 
vegetation, forests, plantations and horticulture. It also has important implications for 
disease-free plant certification in all nursery stock and quarantine clearance of plant 
material for P. cinnamomi and possibly for other Phytophthora species. 
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CHAPTER 7  
General discussion 
 
 
This thesis is the first comprehensive investigation of phenotypic and genotypic 
variation of Phytophthora cinnamomi in a local population in the Eucalyptus marginata 
(jarrah) forest of Western Australia (WA). No other similar studies have been conducted 
in Australia or worldwide (Table  1.1). All 73 isolates collected from the two WA 
minesites were of one clonal lineage (isozyme A2 type  1) and there was large 
phenotypic variation within this clonal lineage.  
Phytophthora cinnamomi is a long-term problem and will continue to impact on 
WA and other Australian plant communities into the future. My findings have important 
management implications in terms of selecting resistant jarrah for clonal orchards and 
for rehabilitation. They also provide new information that can be used with more 
confidence than previously to screen trees for robust resistance and to monitor 
pathogenicity of P. cinnamomi populations. Out of the seven RR clonal lines screened 
in the current study, one line (RR1) could be used consistently as a ‘standard resistant 
line’ against which the remaining 63 lines currently being planted in the seed orchard 
can be screened. That RR1 was consistently the most resistant line confirms the work of 
Stukely & Crane (1994). Therefore, it should be possible to follow changes in resistance 
of clonal lines as they progress through maturity, as well as measure changes of 
pathogenicity of Phytophthora populations over time. The major findings, which have 
important taxonomic, management and resistance-screening implications, will be 
discussed. These include:  
1.  Phytophthora cinnamomi isolates of one clonal lineage (A2 type  1) varied 
widely in their phenotypes and this variation has arisen asexually; morphological 
and pathogenicity characters were not correlated (Chapter 2).  
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2.  Single and multiple paragynous antheridia, which appear to be functional, are 
formed along with amphigynous antheridia in paired matings of WA, Papa New 
Guinea and worldwide isolates (Chapters 2 and 3).  
3.  Jarrah clonal lines vary in their resistance/susceptibility to P. cinnamomi isolates 
and disease expression in isolate x clonal line interactions changes with 
environmental factors (Chapters 4 and 5, Appendix 2).  
4.  Phytophthora cinnamomi may not always be detectable because it behaves as a 
hemibiotroph since it can be recovered from 8% visibly symptomless tissue 
(Chapter 6).  
5.  Phytophthora cinnamomi may be dormant or suppressed as direct plating of 
plant material onto NARPH, agar selective for Phytophthora (standard practice), 
produced up to 11% false-negatives (Chapter  6). Tissue-washing may break 
dormancy or leaches out fungistatic compounds, such as phenolics, that suppress 
re-growth.  
 
7.1 Variation of Phytophthora cinnamomi  
There was considerable morphological and pathogenicity variation in two localised 
P. cinnamomi populations of WA isolates. Unique to this set of isolates was the high 
proportion (up to 48.5%) of paragynous antheridia that were formed. For all phenotypes 
combined there was evidence of slight divergence between the two populations of 
isolates (Chapter  2). For instance, site  2 (Willowdale) isolates had a much higher 
proportion (up to 44%) of no-pattern colonies on agar, and J1 isolates (from jarrah site 1 
[Jarrahdale]) had slower growth rates on PDA and a lower capacity to cause deaths of 
jarrah (Chapter  2). However, it was not possible to identify isolates from the two 
populations based on morphological or pathogenicity characteristics (discussed below), 
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The divergence between the two populations is too small to warrant allocations of 
subspecies or new species, as was implemented for the P. megasperma complex where 
sporangia and oogonia were assessed as distinctive (Hansen & Hamm, 1983). In the 
P. megasperma complex, morphological clusters were host-related and subsequent 
molecular analysis confirmed the integrity of the subgroups as possible separate species 
(Hansen, 1991; Hansen & Maxwell, 1991; Brasier, 1997). In my study, there was no 
evidence of host specificity or morphological groupings on the basis of host of origin. 
Furthermore, microsatellite analysis showed that they were the same clonal lineage as 
other Australian and worldwide A2 type 1 isolates (Chapter 2; Dobrowolski, 1999).  
Isolates exhibited large variation in their capacity to cause disease (Table  7.1; 
Chapters 2 and 5) depending on the type of measurement used to rank pathogenicity. 
These in turn changed under different environmental conditions (Table 7.1; Chapters 2, 
4 and 5). This suggests that pathogenicity may be multigenic given the large variation in 
behaviour of the pathogen in a jarrah clonal line. This is not unusual because in other 
pathogen-plant systems, such as for Puccinia graminis f. sp. tritici, over 200 different 
races have been identified (Agrios, 1997). However, testing for multiple genes of 
pathogenicity in Phytophthora cinnamomi to jarrah is difficult because we do not have 
the knowledge of the genes involved in host/pathogen interactions, such as for Puccinia 
graminis f. sp. tritici.  
The difficulty of assessing the multigenic nature of pathogenicity also lies in the 
fact that in the current study consistent pathogenicity rankings were not observed in the 
large range of trials conducted (Table 7.1). For instance, out of the 73 isolates tested in 
the glasshouse trial (Chapter 2), MP99 (third most pathogenic) and MP94-48 (low to 
moderately pathogenic) were not significantly different to each other when survival of 
jarrah clonal lines was assessed in the field (Appendix  2). Under controlled 
environmental conditions, pathogenicity rankings of isolates do appear to be consistent  Table 7.1 Summary of thesis results and experimental details for inoculations of Eucalyptus marginata (jarrah) clonal lines and seed-grown trees of 
jarrah and Corymbia calophylla (marri) with different isolates of Phytophthora cinnamomi. Clonal lines RR are classified as resistant to P. cinnamomi, 
and clonal lines SS as susceptible by McComb et al. (1990).  
 
                 Disease  severity
a
 Experimental  details   Jarrah  clonal  lines
b  Seed-grown 
Chapter/Exp.   Isolate No. 
Isolate 
differences 
Trial Inoculation  method  Assessment  Plant age 
(year) 
Temp. 
(°C) 
 
RR1 RR2 RR3 RR4 RR5 RR6 RR7 SS1  SS2 
 
Jarrah Marri 
2 45  isolates 
MP99 
MP112 
MP116 
MP94-09 
MP94-17 
MP94-48 
Yes Cabinet  Underbark,  branches 
(detached) 
Lesion at 
6 days 
1  24               0–3 
2 
0 
2 
2 
—
c
— 
0–3 
0 
0 
0 
0 
— 
— 
2 73  isolates 
MP99 
MP112 
MP116 
MP94-09 
MP94-17 
MP94-48 
Yes Glasshouse  Underbark, stems  Mortality at 
182 days 
1.5  20–29      0–3 
3 
2 
2 
2 
2 
2 
          
4.1 MP94-48  na  Cabinet  Underbark, stems  Mortality at 
105 days 
1.5 15 
20 
25 
30 
 2 
1 
3 
3 
   2 2
2 0
2
 
3 
3 
3 
     
2 
3 
3 
    
4.2 MP94-48  na  Cabinet  Zoospore, stems  Mortality at 
86 days 
1.5 15 
20 
25 
30 
 0 
0 
2 
2 
     
3 
3 
3 
     
2 
3 
3 
    
4.3 MP112 
MP116 
MP94-09 
MP94-48 
No Cabinet  Underbark,  branches 
(detached) 
Lesion at 
2 days 
1 20 
25 
30 
 1 
1 
1 
        
2 
3 
      
 
1
2
6
 Table 7.1 (continued) 
                 Disease  severity
a
 Experimental  details   Jarrah  clonal  lines
b  Seed-grown 
Chapter/Exp.   Isolate No. 
Isolate 
differences 
Trial Inoculation  method  Assessment  Plant age 
(year) 
Temp. 
(°C) 
 
RR1 RR2 RR3 RR4 RR5 RR6 RR7 SS1  SS2 
 
Jarrah Marri 
5 (1995)
d MP112 
MP116 
MP94-09 
MP94-48 
Yes Forest  Underbark,  branches  Colonisation 
at 42 days 
3.5  9–18    1 2 1       3 2 2      
5 (1996)
d MP94-17 
MP94-48 
No Forest  Underbark,  branches 
Underbark, roots 
Colonisation 
at 12 days 
4.5 12–23   1 
1 
3 
2 
    3  
3 
3 
3 
   1 
2 
 
Appendix 2 
(2-year-old) 
MP99 
MP94-48 
No Forest  Underbark,  stems  Mortality  at 
2.5 years 
2  0.1–40   1    1  1     1    2  
Appendix 2 
(6-year-old) 
MP99 
MP94-48 
No Forest  Underbark,  stems  Mortality  at 
127 days 
6  0.1–40   0 1 0     0   1 1   1   
        Overall  mean  disease  severity   1 2 0 2 3 0 3 2 2   2  1 
a Relative disease severity ratings: 0, no symptoms; 1, low disease; 2, moderate disease; 3, severe disease. 
b Jarrah clonal lines: RR1, 1J30; RR2, 5J336; RR3, 12J96; RR4, 77C40; RR5, 121E47; RR6, 121E293 (also known as 121E29); RR7, 326J51; SS1, 11J379; SS2, 11J402. 
c Not determined. 
d No isolate x clonal line differences, so disease severity is for pooled data.  
 
 
 
 
1
2
7
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(Dudzinski  et al., 1993). However, it is not known if these in vitro pathogenicity 
rankings hold up when isolates are tested in the field. How in vitro pathogenicity tests 
relate to field tests needs to be investigated further and the experiments repeated 
throughout the season and in a number of sites to ensure they are replicable. Such tests 
are important for future continual monitoring of Phytophthora cinnamomi and other 
Phytophthora populations for changes in their capacity to cause disease. 
 
7.1.1 Paragynous antheridia 
In Chapters 2 and 3, I showed that P. cinnamomi is, to my knowledge, the only 
heterothallic Phytophthora species to produce paragynous antheridia, and the only 
Phytophthora species to produce multiple paragynous antheridia in the large numbers 
recorded in my study (Stamps et al, 1990; Erwin & Ribeiro, 1996). Isolates from WA 
had a higher range of paragynous antheridia proportions (1.0–48.5%) compared to 
worldwide (Papua New Guinea, UK, South Africa, Canary Island, Malaysia and Spain) 
isolates (1–13%), and even higher compared to Victorian isolates (0.1–2%; R. Daniel, 
pers. comm. 2001). My work warrants a re-description of the species, P. cinnamomi, to 
include the formation of paragynous antheridia.  
Paragyny has been observed in two independent laboratories using Victorian 
(R. Daniel, pers. comm.) and Australian, Papua New Guinean, South African, American 
and European isolates (I. C. Tommerup, pers. comm. 1998). The latter study found that 
on carrot agar no paragynous antheridia were formed, while matings on V8 agar with 
β-sitosterol produced paragynous antheridia. This evidence along with the report that 
paragyny proportions are affected by nutrition in P. boehmeriae  (Gao  et al. 1998), 
suggests that paragyny may also be nutritionally controlled in P. cinnamomi. The effect 
of nutrition on paragynous antheridia formation needs to be investigated for 
P. cinnamomi isolates, as well as whether these and amphigynous antheridia are formed Chapter 7: General discussion 
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in the jarrah forest. Oospores may be a survival phase. However, there was no evidence 
of selfing or outcrossing among the isolates used in this study which is consistent with 
other work (Old et al., 1984 a, 1988; Dobrowolski et al., 2001 a).  
 
7.1.2 Phytophthora cinnamomi clonal lineages 
Throughout Australia, only three clonal lineages of P. cinnamomi have been found (Old 
et al., 1984  a, 1988; Dobrowolski, 1999). Although phenotypic pathogenicity 
(Dudzinski et al., 1993) and genetic (microsatellites at four loci; Dobrowolski, 1999; 
Dobrowolski et al., 2001 a) variation have been examined in the most common lineage 
in WA (A2 type 1), the breadth of phenotypes examined in my work has not previously 
been undertaken, nor has it for the other two lineages known in Australia. Dudzinski 
et al. (1993) examined pathogenic variation within the less common lineages (A2 type 2 
and A1 type  1) in Australia wide isolates. Dobrowolski (1999) examined genetic 
variation in the two lineages in WA and throughout Australia, but analysis of other 
phenotypes in WA populations remain to be studied. The less common lineages were 
not isolated from the two jarrah forest minesite areas in the present study. However, all 
three lineages have been isolated from an active disease front at Gull Rock, a sandy 
Banksia woodland located in the southwest of WA (Dobrowolski, 1999).  
Previous work has shown that throughout Australia where the A1 and A2 mating 
types of P. cinnamomi coexist there is no evidence of any sexual interaction (Old et al. 
1988; Dobrowolski, 1999; Dobrowolski et al., 2001 a). The reasons for this apparent 
lack of interaction are not known, although Dobrowolski et al. (2001 a) suggested that 
the ploidy or karyotype differences between the A1 and the two A2 clonal lineages 
could either prevent sexual reproduction, as has been observed for P. infestans 
(Goodwin, 1997), or mitigate against progeny survival (Dobrowolski et al., 2001  a). 
Viable progeny have been produced axenically (Tommerup & Catchpole, 1997) and Chapter 7: General discussion 
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sexual reproduction verified genetically (Dobrowolski et al., 2001 a). It is not known 
what impact, if any, an introduction of non-Australian clonal lineages, such as other A1 
isozyme types of which there are many worldwide (Old et al., 1984 a, 1988; Oudemans 
& Coffey, 1991), would have on sexual interactions, and possible changes in phenotypic 
and genotypic variation in progeny. This needs to be investigated further and until then, 
it is important that strict quarantine laws are maintained to ensure no infected plant or 
soil material is introduced from overseas into Australia. 
 
7.2 The host 
7.2.1 What are the mechanisms of resistance? 
This thesis poses some other interesting questions, such as on host-pathogen 
interactions. These include, "Why are some isolates able to overcome the defence 
responses of resistant clonal lines?" It was demonstrated that the restriction of lesions in 
white roots of jarrah clonal lines and marri (up to 10-months-old), and survival in soil 
inoculation of forest sites (Stukely & Crane, 1994) was associated with increased 
phenylalanine ammonia-lyase (PAL) activity, and increases in lignin and phenolic 
compounds (Cahill et al. 1992, 1993). Clonal lines RR1 and RR2 had lesions less than 
half those of SS1, SS2 and non-clonal seedlings (Cahill et al., 1993). In my study, RR2 
was not more resistant than SS1 or SS2 against the five P. cinnamomi isolates used. 
This highlights the need to use more than one isolate in biochemical assessments of 
resistance as in the past only one isolate has been used (Cahill et al., 1993).  
The role of isolate x clonal line and environmental factors x clonal line 
interactions on the responses of lignin, phenolics, PAL and other resistance mechanisms 
needs to be assessed. Burgess et al. (1999  b) showed that RR1 under simulated 
waterlogging conditions of the roots was more stressed and this led to greater 
colonisation of stems than plants whose roots were not exposed to hypoxia. The stressed Chapter 7: General discussion 
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plants had reduced capacity to switch on rapid defence responses associated with the 
PAL pathway. Unfortunately, this study only used one isolate (MP94-48) and also 
responses of the PAL enzymes were only investigated in one clonal line. Thus, further 
work needs to investigate the isolate x clonal line and environmental factors x clonal 
line interactions. This could be examined using RR1 and a more susceptible clonal line 
than SS1 or SS2. In such a study it would be critical that a range of isolates varying in 
pathogenicity are used.  
Another issue needing further analysis is that only young seedlings (young white 
roots or stems) have been used in biochemical tests (Cahill et al. 1992, 1993; Burgess 
et al., 1999 b). Resistance mechanisms may possibly change with age and/or tissue type. 
Thus, a biochemical study assessing resistance in forest sites of a range of ages of clonal 
lines and different tissue types, including roots and stems, should be conducted. Stems 
are an important consideration in such a study because in flooded rehabilitated minesites 
and areas of forest with impeded drainage the collar and lower stem may be the tissue 
vulnerable to infection by zoospores (Hardy et al., 1996; O’Gara et al., 1996, 1997). 
The work of Burgess et al. (1999 b) also highlights the importance of understanding 
how possible global warming with increased summer rainfalls might influence the 
susceptibility of selected resistant clonal lines in rehabilitated minesites. Whether RR1 
and other resistant lines have the ability to remain resistant under warm and wet 
summers, needs to be considered and tested (see later).  
 
7.2.2 Developing robust resistance 
One of the main reasons for my study was to assess the robustness of the current 
screening strategy used to select jarrah for resistance to P. cinnamomi. A number of 
checkpoints are recommended from the findings of this thesis and these should be used 
when developing a screening procedure for robust resistance. They include: Chapter 7: General discussion 
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1.  Use a range of isolates varying in their capacity to cause disease; this requires an 
understanding of the indigenous population variation (Chapters 2 and 5). In all 
such studies, a handful of ‘standard’ isolates should be used to ensure continuity; 
2.  Use colonisation as a measure of disease because it accounts for pathogen 
invasion that may be macroscopically invisible, but is viable and could 
contribute to disease development when conditions are conducive  (Chapters 4–
6); and 
3.  Test the clonal line x pathogen interaction under a variety of environmental 
conditions, including temperature regimes (Chapter 4) and moisture conditions 
(further research) in the field.  
 
In hindsight, the interpretation that the pathogen was not highly variable on the 
basis of Podger’s (1989) inoculation trial meant that early work on the selection of 
jarrah clonal lines for resistance to P. cinnamomi used only one isolate. In hindsight, 
this could have proved to be a disaster. My thesis found that RR1 was the most 
consistently resistant line over a range of inoculation tests with a range of P. cinnamomi 
isolates in comparison to all other lines examined (Table 7.1), and thus, it has potential 
for use in the rehabilitation of P. cinnamomi infested areas.  
In addition to RR1, the clonal lines RR3 and RR6 had the lowest disease severity 
in field trials and may have potential for use in rehabilitation of infested sites 
(Table 7.1). However, it is important to note that these lines were only tested in one or 
two trials. In both these trials, RR1 had the same disease severity as RR3 and RR6. As 
mentioned in Appendix 2, the 6-year-old forest site experiment had to be harvested 
prematurely, and thus, does not give a true representation of the relative resistance 
rankings of the clonal lines. Therefore, I would suggest that RR3 and RR6 be tested Chapter 7: General discussion 
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further, particularly in temperature experiments (Chapter  4) and in long-term forest 
evaluation trials. 
In all the inoculation studies conducted in my thesis, no immune or very resistant 
clonal lines of jarrah were found (Table 7.1). All clonal lines had individual plants that 
were either killed or had lesions that continued to extend, including RR1. Stukely & 
Crane (1994) also found that no line was immune to P. cinnamomi colonisation. 
However, they found some lines were very resistant and were able to contain lesions 
after a few days in a glasshouse trial, or had no mortalities in a forest site trial. While 
some clonal lines, such as RR1, were found to be more resistant compared with other 
lines, they were not as resistant as described by Stukely & Crane (1994). The most 
likely explanation for this difference is that in my study much broader tests for 
resistance were conducted on the clonal lines including range of isolates, environmental 
factors and inoculation methods.  
The RR/SS status placed on some of the clonal lines other than RR1 does require 
re-thinking. For example, both susceptible clonal lines were found to be more resistant 
than RR5 and RR7 (Table 7.1). This indicates that more rigorous validation trials of the 
other existing 63 clonal lines need be conducted before these lines are released as 
consistently RR or SS lines. In confirmation studies of existing resistant jarrah lines, the 
most pathogenic isolates (MP97-12 and MP94-30) identified in Chapter 2 and other 
isolates varying in pathogenicity should be screened against RR1 (standard resistant 
clonal line) and the remaining 63 clonal lines being used in the clonal orchards. For 
example, I would recommend a four-step screening strategy:  
1.  detached stems (Chapter 4) inoculated with many P. cinnamomi isolates,  
2.  lateral branches or stems (Chapter 5)  inoculated  in situ with fewer isolates 
ranging in pathogenicity,  Chapter 7: General discussion 
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3.  stems inoculated with zoospores at 25–30°C in controlled environment 
cabinets (Chapter 4), and  
4.  field validation trial such as those conducted by Stukely & Crane (1994). 
Such a screening study could equally be used for future selections of new resistant 
clonal lines.  
Although my screening studies can be considered more robust than previous 
studies, it should be pointed out that jarrah is a long-lived species with a life-cycle of 
500–1000 years (Abbott et al., 1989), so it will encounter many changes in 
environmental conditions (see later). This may result in resistant clones becoming 
susceptible, even with a small change in a particular environmental factor. Therefore, a 
stringent selection process for eliminating weakly resistant clonal lines and retaining the 
more resistant lines is required in assessments of robust resistance of older trees. How 
do you determine in young trees, currently 8-years-old, if resistance is robust for a long-
lived species? Long-term survival trials and/or serial inoculation studies of RR clonal 
lines over time can only answer this type of question.  
In serial inoculation studies, RR clonal trees of known resistance status over time 
would be inoculated in lateral branches in situ. The trial would be run for a 
predetermined time prior to harvesting to ensure that the trunk of the tree does not 
become infected, so that the tree can be re-inoculated at later stages during its life. Trees 
should be screened at least every 10 years using a set of standard isolates along with 
other more pathogenic P. cinnamomi isolates or other Phytophthora species and/or 
hybrids that are isolated in the future. This study is obviously long-term, but would 
provide benefits by providing information on how clonal trees of differing susceptibility 
to  P. cinnamomi respond over time and at different stages of maturity to different 
isolates of the pathogen. Such progressive long-term data will also be of benefit as a 
benchmark comparison against new clonal lines screenings that may be undertaken.    Chapter 7: General discussion 
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The importance of field trials for making final stage selections cannot be over 
emphasised. We should accept that trials need to be long-term, as rapid tests cannot 
incorporate the complex multiple biological and environmental factors that would be 
experienced in the longer-term. 
An important component in reaching the goal of robust resistance in jarrah is 
prevention of new introductions of P. cinnamomi isolates or other Phytophthora 
species. Therefore, I would recommended that site disturbances and soil movement 
activity be kept to an absolute minimum to avoid accidental introductions of other 
P. cinnamomi isolates, and other Phytophthora species or hybrids, as will be discussed 
later. New introductions should also be avoided by returning infested soil to the same 
site of origin during mining or other processes. Tools that are able to detect 
P. cinnamomi in its low-active states with high reliability are also required, so that sites 
are not misclassified (see later). 
 
7.3 Future Risks 
7.3.1 Global warming 
A major problem for jarrah and other plant selection and breeding programs is the 
ominous threat of global warming on disease impacts. No work has investigated the 
effect global warming or warm moist summers might have on the resistance of jarrah to 
P. cinnamomi and other Phytophthora species. Chapter 4 showed that temperatures of 
25–30°C dramatically reduced the resistance of all clonal lines. The mean maximum 
summer, autumn, winter and spring temperatures for the southwest of WA are 21–30, 
15–27, 12–18 and 15–24°C, respectively (Bureau of Meteorology, Australia). Some 
areas in the southwest have summer, autumn and spring averages that are below the 
optimal temperatures for disease, although the predicted warming by 2050 of 1.3–3.2°C 
(Allan & Hunt, 1999) could shift the averages over 25°C. In most regions of WA, Chapter 7: General discussion 
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however, the low average rainfall, particularly in summer (5–25  mm; Bureau of 
Meteorology, Australia), would limit the disease impact during this season. However, 
more episodic heavy rainfall events in summer would enhance disease development by 
P. cinnamomi. In eastern Australia, susceptible Eucalyptus species are not threatened by 
P. cinnamomi because of unfavourable conditions for the pathogen (Podger et al., 
1990). Increased temperatures in this region could have a large impact on disease 
caused by P. cinnamomi.  
My study only examined the effect of a single variable (range of constant 
temperatures) of well-watered clonal lines on the host-pathogen interaction. In a natural 
ecosystem, such as the jarrah forest, interactions of environmental variables and 
biological systems are far more complex and interact simultaneously with one another. 
However, my work poses some important questions. For example, how robustly 
resistant to P. cinnamomi and other Phytophthora species are the clonal lines in the 
event that WA summers may become warmer and wetter? Will global warming make 
marri, and possibly other resistant species more susceptible to P. cinnamomi and other 
Phytophthora species? As mentioned previously, RR1 was shown to have reduced 
resistance as a result of waterlogging simulation (Burgess et al. 1999 b). It is possible 
that heavy rainfall events during summers (Chakraborty et al., 1998) could be a problem 
in areas with impeded drainage in WA.  
My work showed that RR1 became more susceptible at 25–30°C when stems were 
inundated with zoospores (Chapter  4). Therefore, the question of a shift in global 
temperatures increasing disease severity is a major concern. This is why I recommended 
in the four-step screening strategy (see earlier) that the existing lines are screened for 
resistance to P. cinnamomi at 25–30°C.  
In Europe, the theoretical impact that global warming may have on increasing oak 
decline has been raised (Brasier & Scott, 1994). The CLIMAX model has been Chapter 7: General discussion 
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extended to include the rest of the world, and it predicts that P. cinnamomi activity is 
likely to increase in the southwest of WA (Brasier, 2000). 
It is impossible to predict with accuracy what the weather conditions may be like 
in 50 years, particularly the occurrence of warm and moist conditions, let alone 500–
1000  years in WA. But a few approaches can be used to investigate the extreme 
possibilities and thus, push the clonal lines and other plant species to their limits in 
terms of their response to invasion by the pathogen. I propose that both marri and the 
jarrah clonal lines are analysed for their resistance limits in a series of experiments, 
including controlled environmental cabinets and extensive field tests, that incorporate a 
range of moisture contents and temperature regimes. In particular, the length of daily 
exposures to a range of temperatures required to make a clonal line susceptible could be 
investigated in controlled environment cabinets. Trials in the field should be set-up in 
forest sites and minesites during different seasons, but particularly during summer, with 
and without irrigation. Irrigation simulates the scenario of summer rainfall events. It is 
crucial that a range of isolates varying in pathogenicity be included in all these studies. 
These trials could be re-visited and/or re-inoculated as described earlier for the serial 
inoculation studies. Only by an increased understanding of tree and pathogen 
physiology and their interactions will the question of robust resistance in the clonal lines 
be answered.  
Global warming may also impact through changes in the efficacy of control 
treatments, such as fungicides (Coakley et al., 1999). For instance, elevated carbon 
dioxide levels could result in a thicker epicuticular wax leaf layer, which may reduce 
the uptake of systemic fungicides, such as phosphite. Phosphite has been extensively 
used in Australian natural ecosystems to reduce the impact of P. cinnamomi (Hardy 
et al., 2001  a). Nothing is currently known about the effect of temperature on the 
phosphite x host-pathogen interaction. This is a justifiable concern given that I showed Chapter 7: General discussion 
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that high temperatures reduced resistance in clonal jarrah (Chapter 4). A study on clonal 
lines treated with different phosphite concentrations is currently being analysed (R. 
Pilbeam, unpublished data). Field studies such as the irrigation trial conducted during 
summer could also include phosphite treatments. 
 
7.3.2 Other Phytophthora species and hybrids 
Currently, in Australian natural ecosystems too much emphasis is placed on 
P. cinnamomi  as the main Phytophthora pathogen. We need to look for other 
Phytophthora species that may be potential problems in the jarrah forest in the future 
either alone or in association with P. cinnamomi. As outlined in Chapter  1, 
P. cinnamomi is not the only pathogen that has been isolated from jarrah-forested areas. 
While it is currently thought these other species do not pose a major problem in the 
forest, some have been shown to impact in disturbed forest sites, such as minesites. 
Phytophthora citricola was associated with jarrah seedling deaths (Bunny, 1996) and 
causes severe damping-off of some understorey species (Woodman, 1993) in minesites. 
In some years, P. citricola causes more deaths than P. cinnamomi in minepits, 
(G. E. St J. Hardy & I. J. Colquhoun, pers. comm.). 
Little is known about the response of the jarrah clonal lines to Phytophthora 
species other than P. cinnamomi. Jarrah seedlings (about 10-month-old) of half-sib 
families selected for a range of resistance to P. cinnamomi were significantly more 
susceptible to P. citricola and P. cryptogea (A2) (Bayliss et al., 1998). This is in 
agreement with previous work on non-clonal jarrah (Shearer et al., 1988; Bunny, 1996), 
although Shearer et al. (1988) reported that P. cryptogea had slower lesion extensions 
than P. cinnamomi. These studies show that other Phytophthora species already present 
in WA jarrah forest have the potential to cause disease. Therefore, further work should 
examine the impact of Phytophthora species found in the jarrah forest to clonal lines. Chapter 7: General discussion 
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This is particularly important given that global warming may render some hosts more 
conducive to Phytophthora species and other diseases, which currently have no or 
minor effect on host survival. 
The issue of hybridisation of Phytophthora species may also be a concern for 
jarrah clonal lines and the selection programme. Some recent research has identified a 
new hybrid of Phytophthora in the UK that is aggressive on Alnus (alder), a host not 
susceptible to the proposed parent, P. cambivora (Brasier et al., 1995, 1999; Brasier & 
Kirk, 2001). Hybridisation is suspected to have occurred and spread from intensive 
nurseries and/or hydroponics systems, where in some instances up to five different 
Phytophthora species were isolated from a single pot (Brasier, 2001  a, b). In WA, 
isolations of a range of Phytophthora species from wholesale nursery stock has also 
been recorded (Hardy & Sivasithamparam, 1988). More recently, D’Souza (2001) 
isolated P. citricola, P. cryptogea (A2) and P. nicotianae (A2) from the potting-mix of 
nursery grown and asymptomatic Kennedia prostrata seedlings.  
As yet, no efforts have been made to investigate if WA and the rest of Australia 
also harbour Phytophthora hybrids. This is important because we may inadvertently be 
introducing other Phytophthora species and hybrids into the jarrah forest, which may 
present additional future problems. Introductions from infested plant stock could occur 
via home gardens, wildflower farms, main road plantings and Landcare rehabilitation 
projects in areas within or close to the jarrah forest. Additionally, if hybrids are found to 
exist, then clonal lines should be assessed against these and other Phytophthora species 
found in the jarrah forest in the serial inoculation studies described earlier. 
Another nursery issue that is a cause for concern is the prophylactic use of 
fungicides, which may mask or suppress disease symptoms of susceptible plant species 
(Hardy, 1992). For instance, there was 100% recovery of P. cinnamomi from the site of 
inoculation of some symptomless Banksia grandis treated with 5 g/L of phosphite Chapter 7: General discussion 
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(Hardy et al. 2001 b). The possibility that overuse of phosphite may select for tolerant 
and more pathogenic isolates is currently being assessed (Dobrowolski et al., 2001 b).  
It is clear from isolation studies and over-use of fungicides as the sole control 
method that current nursery standards are not adequate in preventing potential future 
problems. It warrants a review of the current nursery standards in producing 
Phytophthora-free plants. Production of Phytophthora disease-free plants is possible as 
demonstrated by the model nursery at Alcoa World Alumina Australia, Marrinup, where 
no deaths have occurred for over 8 years (I. J. Colquhoun, pers. comm.). This has been 
achieved through strict quarantine, hygiene measures, cultural conditions and 
optimisation of container media characteristics (Hardy, 1992). 
My work (Chapter 6) and others (A. Lucas, unpublished data; O’Gara, 1998) have 
shown that isolations of P. cinnamomi from macroscopically symptomless plants, which 
harboured the pathogen, were in about 8–10% of cases not effective in detecting the 
pathogen. Additionally, my work and others (Davison et al., 1994; O’Gara et al. 1997) 
have shown that P. cinnamomi can behave as a hemibiotroph, and thus the pathogen 
may be undetectable when plants are visibly inspected for disease. These two findings 
suggest that introductions of P. cinnamomi to disease-free sites or introductions of new 
clonal lineages or phenotypes into infested areas are possible as a result of 
misclassification of the disease status of sites. Introductions of interstate and overseas 
Phytophthora species could also be undetectable at quarantine checks.  
Reliance on a single method of detection of Phytophthora, such as the direct 
planting method, may miss fastidious, fine feeder-root Phytophthora species. For 
instance, an isolate of P. nicotianae (A2; isolate 3452) from the Banksia woodlands of 
WA has been found to grow extremely slowly on NARPH, the Phytophthora-selective 
agar currently widely used in WA, and would easily be outgrown by faster growing 
Phytophthora species, such as P. cinnamomi, if they coexisted in the same sample (E. Chapter 7: General discussion 
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Groves, pers. comm.). Future studies that examine the occurrence of Phytophthora 
species in the jarrah forest should plate roots and fine roots onto a range of selective 
media, bait samples with a suitable plant host (such as E. sieberi seedling cotyledons) 
and examine baits closely for sporangia development and confirm that a Phytophthora 
species has been isolated on agar from this material.  
A molecular diagnostic tool, such as that developed by O’Brien & Farbey (2001), 
could be used as a secondary diagnostic test of symptomless plants and soil, to ensure 
that Phytophthora species are not getting through the system. It may also have the 
advantage of detecting P. cinnamomi in its low-active states. Another approach has 
identified elicitin proteins that induce a hypersensitive response in Quercus seedlings 
(Brasier, 2000). These elicitins have been sequenced and may provide the basis for a 
reliable PCR method for identifying P. cinnamomi in the roots of woody plants. Such 
tests would be most valuable for management of P. cinnamomi disease given the 
inaccuracies that may occur when tissue is plated directly onto agar selective for 
Phytophthora (Chapter 6). 
 
7.4 Managing cumulative risks 
To rehabilitate forest and bauxite mine sites infested with P. cinnamomi  and other 
potential Phytophthora pathogens, it is clear that an integrated management and 
research approach needs to be undertaken. This includes continual monitoring of the 
pathogenicity of populations of Phytophthora species, prevention of new introductions 
of Phytophthora pathogens through strictly monitored local, national and international 
quarantine procedures, increased nursery hygiene standards, and the monitoring of the 
jarrah clonal lines through to maturity to determine if they are durably resistant. The 
prevention of new introductions of P. cinnamomi and Phytophthora species is Chapter 7: General discussion 
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particularly important as this may jeopardise the extensive work from the jarrah 
selection program. 
 
 
 
  
Appendices 
 
 
Appendix 1 Agar, broth and potting media recipes 
 
Mineral salts solution 
Based on the recipe described by Chen & Zentmyer (1970) for production of sporangia 
by P. cinnamomi in axenic culture. 
 
Ingredient Quantity 
Calcium nitrate (0.01 M)  2.36 g 
Potassium nitrate (0.005 M)    0.51 g 
Magnesium sulphate (0.004 M)  0.70 g 
Deionised water  1 L 
Chelated iron solution (see below)  1 mL 
  
Chelated iron solution (FeEDTA):  
EDTA (ethylene diaminetetra acetic acid)  13.05 g 
KOH 7.5  g 
FeSO4.7H2O   24.9  g 
Deionised water  1 L 
 
All the salts, apart from FeEDTA, were added to the deionised water and autoclaved for 
20 minutes at 121°C. FeEDTA was added through a Millipore Filter (0.22 μm) when 
the autoclaved salt solution had cooled to room temperature. 
 
 
 
Modified vegetable-8 agar (MV8A) - For oospore production 
Recipe based on personal communication with J. Catchpole (CSIRO, Wembley, 
Western Australia). 
 
Ingredient Quantity 
Cleared V8 Juice (Appendix 2)  200 mL 
CaCO3 0.3 g 
β-sitosterol
# 0.02 g 
Bacto agar  17 g 
Deionised water  800 mL 
#β-sitosterol was dissolved in 20 mL of distilled water containing 1 mL Tween 20 syrup 
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(Sigma-Aldrich Pty Ltd, Castle Hill, NSW, Australia) and stirred on a hot magnetic 
stirrer for 2-3 hours. 
 
The pH was not adjusted. Autoclaved at 121°C for 20 minutes. 
 
 
 
Phytophthora-selective agar medium (NARPH) 
Based on the recipe described by Shearer & Dillon (1995), modified by the addition of 
10 mg Rifampicin (J. Webster, pers. comm.). The NARPH medium is routinely used by 
the Dept. of Conservation, Western Australia, for detection of Phytophthora cinnamomi 
in plant tissue. 
 
Ingredient 
Product 
name  Quantity Manufacturer 
Active 
ingredient 
Nystatin 
(=mycostatin) 
Nilstat 1  mL  Wyeth-Ayerst  Australia  Pty. 
Ltd., Baulkham Hills, NSW, 
Australia 
≈ 22.7 mg 
Sodium ampicillin     100 mg  Fisons Pty. Ltd., Sydney, 
NSW, Australia 
 
Rifampicin Rifadin  500 μL  Hoechst Marion Roussel 
Australia Pty. Ltd., Lane 
Cove, NSW, Australia 
10 mg 
Pentachloronitro-
benzene (PCNB) 
Terraclor 100  mg  Uniroyal Australia Pty. Ltd., 
Melbourne, Victoria, Australia 
 
Hymexazol  Tachigaren  50 mg  Sankyo Company, Tokyo, 
Japan 
 
Corn meal agar 
(CMA) 
Oxoid  17 g  Unipath Ltd., Basingstoke, 
Hampshire, UK 
2 g corn 
meal 
extract 
Deionised water    1 L     
 
CMA was autoclaved in 1 L deionised water at 121°C for 20 minutes. The remaining 
ingredients were dissolved in 20 mL of cold, sterile deionised water and added to the 
agar when it had cooled to 45-50°C. 
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Potting medium 
Based on the recipe described by O’Gara et al. (1996), modified by the substitution of 
the peat/perlite growth medium with composted pine bark, coarse river sand and muck 
peat. 
 
Ingredient 
Product 
name Quantity  Manufacturer 
Active 
ingredient 
Composted pine 
bark, coarse river 
sand and muck peat 
(2:2:1) 
  60 L  Richgro Garden Products, 
Canning Vale, Western 
Australia 
 
Isobutylidene 
diurea 
IBDU  50.98 g  Mitsubishi Chemical Corp., 
Chiyodaku, Tokyo, Japan 
31% N 
Dolomite   47.06  g     
FeO   35.29  g     
Gypsum  31.37  g     
KNO3  26.33  g     
Acid calcium  Aerophos  23.53 g  Wright & Wilson Australia 
Ltd., Melbourne, Victoria, 
Australia 
20% P 
FeSO4  17.25  g     
Trace elements    6.27 g  A. Richards Pty. Ltd., 
Canning Vale, Western 
Australia 
Mn 2.5%, 
Zn 1%,  
Cu 0.5%,  
B 0.1%,  
Mo 0.5%,  
Fe 12%,  
S 15%,  
Mg 5%,  
Ca 7.5% 
 
The chemical ingredients were thoroughly mixed through the growth medium prior to 
steam sterilisation at 60°C for 1 hour. 
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Vegetable-8 agar (V8A) 
Based on the recipe described by Hardham et al. (1991). 
 
Ingredient Quantity  Manufacturer 
Cleared vegetable-8 juice*  100 mL  Campbell’s Soups Australia, Lemnos, 
Victoria, Australia 
CaCO3 0.1 g   
β-sitosterol  0.02 g  Sigma Chemical Company, St. Louise, USA 
Bacto agar  17 g  Difco Laboratories Inc., Detroit, USA 
Deionised water  900 mL   
*Vegetable-8 (V8) juice was cleared by centrifugation at 5000 rpm for 20 minutes and 
the decanted juice was vacuum filtered through Whatman No.  1 Filter Paper 
(Springfield Mill, Maidstone, Kent, UK). 
 
All ingredients, except the agar, were added to a beaker on a magnetic stirrer to dissolve 
the CaCO3 and β-sitosterol. The pH was adjusted to 6.2 with NaOH. The liquid was 
added to the agar and then autoclaved at 121°C for 20 minutes. 
 
 
 
10% Vegetable-8 broth (V8B) - Clarified 
 
Ingredient Quantity 
Cleared V8 juice (Appendix 2)  100 mL 
CaCO3     0.2 g 
ß-sitosterol 0.04  g 
Deionised water  1900 mL 
 
The broth was prepared as described for V8A with the omission of the agar. 
 
 
 
20% Vegetable-8 broth (V8B) - Non-clarified 
Based on the recipe described by Dobrowolski (1999). Broth is used for DNA extraction 
from P. cinnamomi mycelium. 
 
Ingredient Quantity
Unclarified V8 juice (straight from bottle)  200 mL 
CaCO3 0.3 g 
Deionised water  800 mL 
 
The pH was not adjusted for this broth. The broth was prepared as described for V8A 
with the omission of the agar. Appendices 
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Appendix  2 Preliminary results for stem inoculations with 
Phytophthora cinnamomi of 2 and 6 year-old seed-grown trees and 
clonal lines of Eucalyptus marginata  
 
 
A2.1 Introduction 
Previous chapters have examined the jarrah x pathogen x environment (temperature) 
interactions under relatively short-term conditions in the glasshouse/laboratory and a 
forest site. In order to ascertain whether disease caused under these conditions match 
those under forest site conditions a long-term inoculation trial was conducted. The 
preliminary mortality data for two rehabilitated forest minesites are presented for 
underbark inoculations with Phytophthora cinnamomi of 2 and 6 year-old (age at 
inoculation) seed-grown and clonal lines of Eucalyptus marginata (jarrah) trees growing 
on a rehabilitated bauxite minesite in the forest. The aim of these trials was to determine 
whether the susceptibility to P. cinnamomi of jarrah clonal lines and seed-grown trees 
changes with age and if they match short-term studies. 
 
A2.2 Materials and methods 
A2.2.1 Inoculum production and inoculation 
The preparation of inoculum and inoculation procedure is described in Chapter 6 for the 
6-year-old trial. The 2-year-old trial was similarly inoculated on the same day 
(5 November 1997) as the 6-year-old trial, except 1 cm diameter Miracloth (Calbiochem 
Corporation, La Jolla, CA, USA) inoculum discs were used. Seed-grown trees and 
clonal lines of 1J30 (RR1), 11J402 (SS2), 77C40 (RR4), and 121E47 (RR5) were 
underbark stem inoculated with 12–14 replicate trees. These were also growing in a 
rehabilitated forest minesite as the 6-year-old trial, except this site was planted in late 
June 1996.  Appendices 
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A2.2.2 Mortality assessment 
For the 6-year-old trial, mortality was last assessed on 13 March 1998 (time of harvest; 
see Chapter 6 for data) seed-grown trees and clonal lines of RR1, 5J336 (RR2), 11J379 
(SS1), SS2, 12J96 (RR3) and 121E293 (or 121E29; RR6). Further monitoring was not 
possible, as Alcoa World Alumina Australia unexpectantly built a bauxite conveyer-belt 
through the middle of this site. It was thus decided to salvage the trial by harvesting the 
trees. For the 2-year-old trial, mortality up to 20 May 2000 is presented. This trial is 
continuing and will be harvested at the end of 2001. Data for the two P. cinnamomi 
isolates were pooled as no major differences between them were observed. 
 
A2.3 Results and discussion 
In both trials, RR1 was the most resistant clonal line to P. cinnamomi, while the seed-
grown trees were consistently in the most susceptible range (Figure 1). For the 2-year-
old trial, SS2 was more resistant than RR4 and RR5. On the basis of these and previous 
results (Chapter 2 and 4) for RR4 and RR5, I would not recommend the use of these 
jarrah lines for rehabilitation of infested forest and minesites. In Chapter 4, I showed 
that the underbark inoculation method was a demanding test on the jarrah lines. This 
may partly explain the reason why the distinction between the RR1 and SS2 lines is not 
as great as in the trial of McComb et al. (1994) where trees were not underbark 
inoculated, but grown in an infested minesite. Additionally, I showed in Chapter 2 that 
isolates vary in their capacity to cause disease. 
Lines RR2 and SS1, SS2 and seed-grown trees in the 6-year-old trial had up to 
four deaths. Due to an unscheduled movement of a conveyer-belt , it was unfortunate 
that the 6-year-old trial could not be continued beyond 4 months after inoculation, as it 
appears from the 2-year-old trial and that of McComb et al. (1994) this time period may Appendices 
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be too early to determine the resistance of the lines. McComb et al. (1994) were able to 
differentiate between RR2 and SS2 lines after 5 years of growth in a P. cinnamomi 
infested forest minesite, with up to 4-fold as many deaths in SS2 compared to RR2. 
They also found that SS2 had 20% fewer deaths than SS1. 
Recoveries of P. cinnamomi from tissue from both trials were relatively low. Only 
50% recovery was obtained from lesioned stems of 6-year-old trees (Chapter 6), while 
in 2-year-old trial 35% recoveries were obtained from dead or dying trees. Recoveries 
were generally reduced 6 months after inoculation, although one recovery was obtained 
19  months after inoculation. Interestingly, two RR4 and one RR5 had developing 
lesions from which P. cinnamomi was recovered early into the trial, but were alive and 
healthy at the last assessment. Currently, Collins et al. (2001 a, b) are investigating the 
factors involved in dormancy, fungistasis from phenolics and long term survival of 
P. cinnamomi in jarrah and Banksia tissue.  
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Figure 1 Mortality of 2 and 6 year-old Eucalyptus marginata (jarrah) seed-grown plants 
(SG) and clonal lines growing in rehabilitated forest minesites after stem underbark 
inoculation with isolates MP99 and MP94-48 of Phytophthora cinnamomi (data 
pooled). Data for the 2 and 6 year-old trials are 31 months (trial continuing to late 2001) 
and 4 months after inoculation, respectively. Jarrah clonal lines with the prefix RR were 
classified as resistant, while those with the prefix SS were susceptible to P. cinnamomi 
(McComb et al., 1990).  
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